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ABSTRACT

The discovery of carbon nanotubes in 1991 attracted a great deal of i

resulting in numerous investigations into their unique electrical and
mechanical properties. The development of fabrication methods that

allows preparation of aligned carbon nanotube arrays has been of part
interest lately.
Pyrolysis of iron (II) phthalocyanine in one zone of a furnace and

subsequent deposition of carbon nanotubes (CNTs) in the second higher

temperature zone in the same furnace has been investigated in this wo
The resulting multi wall carbon nanotubes (MWNT), with average

diameter 50 nm and length 15 um are well aligned and normal to the qu

substrate onto which they are deposited in the second zone of the fur
The electrochemical properties of the aligned carbon nanotube arrays
been investigated and compared with other common electrodes eg. gold

glassy carbon. The highly accessible surface area of the carbon nanot

arrays results in much greater current density per unit geometric are
iron (II) ferricyanide was used. Enhanced current densities per unit

geometric area were also observed for biomolecules such as hydroquino
dopamine and epinephrine on the carbon nanotube electrodes.
The coating of individual aligned carbon nanotubes with conducting
polymer has been demonstrated. The formed carbon nanotube-conducting

VI

polymer composite shows m u c h higher mechanical properties than

conducting polymer alone. The method used for electropolymerization has
an impact on the uniformity of the conducting polymer coating. The use
the potentiostatic technique yields smoother polymer coatings. The
incorporation of enzymes into the conducting polymer coatings has been

demonstrated. The high enzyme loading in the thin polymer layer results
high sensitivity when used as a biosensor. It has been shown that the

enhanced selectivity and sensitivity is due to both alignment of carbon

nanotubes and the presence of iron particles on the tube tips as a resu
the pyrolysis process used to form the tubes.
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Ag/AgCl). Scan rate 25 mV/s with pt foil as a counter
electrode.
Figure 5-11

Cyclic voltammograms of 6 m M H Q at different scan rate
of (1) 25 mV/s; (2) 50 mV/s; (3) 80 mV/s and 100 mV/s on
(a) G C and (b) C N T electrode with pt foil (1 cm 2 ) as a
counter electrode.

Figure 5-12

Plot of peak current versus square root of scan rate at both
aligned C N T electrode (o) and G C electrode (•) in 6 m M
H Q containing 0.15 M N a N 0 3 . Ag/AgCl was used as a
reference electrode and Pt as a counter electrode.

Figure 5-13

Plot

of peak

currents

observed

from

the cyclic

voltammograms using different concentrations of dopamine
in p H 7.45 PBS. Scan rate 25 mV/s (vs Ag/AgCl). Pt foil (1
cm 2 ) was as a counter electrode.
Figure 5-14 Cyclic voltammograms of 0.10 m M dopamine in p H 7.45
P B S at (a) G C electrode (0.20 cm 2 ) and (b) H 2 S 0 4 treated
C N T electrode (0.09 cm 2 ). Scan rate 50 mV/s with Pt foil as
a counter electrode.
Figure 5-15

Cyclic voltammogram of a H 2 S 0 4 C N T electrode in p H
7.45 P B S only. Scan rate 50 mV/s with Pt foil (1 cm 2 ) as a
counter electrode.

Figure 5-16

(A) Cyclic voltammograms of 0.10 m M dopamine in P B S
(pH 7.45) at the H 2 S 0 4 treated C N T electrode. Scan rate (1)
25 mV/s, (2) 50 mV/s and (3) 100 mV/s. (B) Plot of peak
current obtained in (A) versus square root of scan rate. Pt
foil (1cm 2 ) was used as a counter electrode. The C N T
electrode used here is different batch from the one in
Figure 5-14.
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Figure 5-17

Cyclic voltammograms at G C electrode (a), and

CNT

electrode before (b) and after (c) 5 cycles in 1 M H 2 S 0 4 in
0.10 m M epinephrine at scan rate 50 mV/s. Pt (1 cm 2 ) was
used as a counter electrode.
Figure 5-18

Plot

of

peak currents

voltammograms

using

observed
different

from

the cyclic

concentrations

of

epinephrine in p H 7.45 P B S . Scan rate 25 mV/s with
Ag/AgCl as a reference electrode and Pt foil as a counter
electrode, respectively.
Figure 5-19

(A) Cyclic voltammograms of 0.10 m M

epinephrine in

P B S (pH 7.45) at the H 2 S 0 4 treated C N T electrode. Scan
rate of (1) 25 mV/s, (2) 50 mV/s and (3) 100 mV/s. (B) Plot
of peak current obtained in (A) versus square root of scan
rate. Pt foil (1 c m ) was used as a counter electrode.
Figure 6-1

Schematic

illustrating electrodeposition of conducting

polymer onto individual aligned carbon nanotubes.
Figure 6-2

Electrochemical oxidation of 0.10 M

pyrrole in 0.10 M

N a C 1 0 4 on (a) an aligned carbon nanotube array (0.09 cm 2 );
(b) G C electrode (0.20 cm 2 ) at scan rate of 25 mV/s. Pt foil
(1 cm 2 ) was used as a counter electrode.
Figure 6-3

SEM

images

of (a) an aligned nanotube

array after

transferring onto a gold foil (a small piece of the assynthesized aligned-nanoutbe film is included at the
bottom-left corner to show the amorphous carbon layer as
well); (b) polypyrrole-carbon nanotube coaxial nanowires
produced by cyclic voltammetry on the aligned carbon
nanotube array electrode in an aqueous solution of N a C 1 0 4
(0.10 M ) containing pyrrole (0.10 M ) , scale bar 10 /im; (c)
as for (b) but at a higher magnification. The thickness of the
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coated polymer was measured using a single P P Y / C N T
coaxial tube with tip exposed, insert picture. Due to
technical difficulty, (a) and (b) images were taken at
different parts of the sample.
Figure 6-4

The growth of polypyrrole on an aligned carbon nanotube
array electrode (0.09 cm 2 ) in 0.10 M pyrrole containing
0.10 M N a C 1 0 4 at 1 V for 1 min. Ag/AgCl and Pt foil were
used as reference and counter electrodes, respectively.

Figure 6-5

S E M image of polypyrrole coated C N T s formed in 0.10 M
pyrrole containing 0.10 M NaC10 4 at an applied potential of
1 V for 1 min. The individual tubes were smooth wrapped
by the polymer. Scale bar 10 pm.

Figure 6-6

SEM

images taken from an aligned nanotube array

electrode, which was partially immersed in an aqueous
solution of 0.10 M N a C 1 0 4 containing pyrrole (0.10 M ) and
scanned for three cycles between -0.60 V to 0.60 V at a
scan rate of 25 mV/s. The images were taken at (a) the
air/electrolyte solution interface, (b) immersed in the
electrolyte solution. 1 \im scale bar for both images.
Figure 6-7

Cyclic voltammograms of CNT/PPy (group A ) and bare
CNT

(group

B)

electrodes

obtained

in

6

mM

ferricyanide/0.10 M N a N 0 3 aqueous solution at scan rate
(a) 25 mV/s; (b) 50 mV/s; (c) 100 mV/s. Both electrodes
have the same geometric area of 0.09 cm 2 . Pt foil (1 cm 2 )
was utilized as a counter electrode.
Figure 6-8

Cyclic voltammograms of C N T array electrode (0.09 cm 2 )
and gold electrode (0.20 cm 2 ) in 20 m M

ferricyanide

containing 1 M N a N 0 3 . Scan rate 100 mV/s. Reference
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electrode and counter electrode were Ag/AgCl and Pt foil,
respectively.
Figure 6-9

FTIR spectra of analigned C N T - PPy coaxial nanowire
array. C N T - P P Y composite was prepared as described in
Figure 6-4.

Figure 6-10

SEM

image of C N T - PPy coaxial nanowires formed

potentiostatically in a solution of 0.10 M pyrrole containing
0.10 M N a C 1 0 4 as supporting electrolyte. A layer of sputter
coated gold as a conducting support can be seen clearly at
the bottom, as indicated by an arrow. PPy also penetrated
through the interlayer space in this sample to finally deposit
onto the amorphous carbon layer.
Figure 6-11

X P S survey spectra of (a) bare C N T array and (b) PPy
coated C N T array prepared as described in Figure 6-4. The
increased nitrogen and oxygen in (a) were attributed to the
deposited polypyrrole and incorporated dopant of C10 4 "
from electrolyte.

Figure 6-12

S E M images of (a) well coated aligned P P y - C N T coaxial
nanowires using intertube space between 100-400 nm; (b)
PPy only deposited on the top of C N T surface due to the
high density of the array film (interspace < 20 n m ) ; (c) PPy
was partly deposited on the outside walls of individual
tubes, and simultaneously, the polymer accumulated on the
top of the array surface when using intertube space of 20100 n m ;

The polymerisation condition used for each

sample was described as at a constant potential of 1 V for 1
min in the m o n o m e r solution of 0.10 M pyrrole containing
0.10 M NaC10 4 . Ag/AgCl was used as a reference electrode
and Pt foil was used as a counter electrode.
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Figure 6-13

Growth of PPy onto aligned carbon nanotubes in an aqueous
solution of 0.10 M pyrrole and 0.10 M KC1 at a constant
potential of 1 V and 0.5 V for 30 s.

Figure 6-14

Cyclic voltammograms of CNT/PPy electrode obtained in 6
m M ferricyanide containing 0.10 M N a N 0 3 . The CNT/PPy
electrode was prepared at (a) applied potential of 1 V for
60 s; (b) applied potential of IV for 30 s; (c) applied
potential of 0.50 V for 60 s. Each cycle was scanned at a
scan rate of 50 mV/s, Pt foil was used as an auxiliary
electrode. They were all polymerised in an aqueous solution
containing 0.10 M pyrrole and 0.10 M KC1.

Figure 6-15

S E M images of PPy formed on the aligned carbon nanotube
array electrode from an aqueous solution of 0.10 M pyrrole
at a constant potential of 1 V (vs Ag/AgCl) containing
electrolyte (a) 1 M KC1; (b) 0.10 M NaC10 4 . The sample
used for both images were from the same batch but
different part. Polymerization time was 60 s.

Figure 6-16

S E M image of potentiostatically synthesised C N T - PPy
composite at positive potential 1 V for 60 s in an aqueous
solution of 0.10 M pyrrole containing 0.10 M NaCl. Both
Ag/AgCl and Pt foil were utilised as a reference and a
counter electrode respectively.

Figure 6-17

Cyclic voltammograms obtained after growth of PPy on the
aligned carbon nanotube electrodes in 0.10 M supporting
electrolyte of (a) KC1; (b) B S A ; (c) H B S A ; (d) B D S A ; (e)
H B D S A ; (f) N T D S A . Ag/AgCl and Pt foil (1 cm 2 ) were
used as a reference and a counter electrode respectively.
Scan rate 50 mV/s.
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Figure 6-18

Electrodeposition of aniline (0.10 M ) in H 2 S 0 4 (0.20 M )

onto an aligned nanotube electrode array. (1) first cycle; (2)
second cycle; (3) third cycle.

Scan rate 25 mV/s vs

Ag/AgCl with a Pt foil (1 cm 2 ) as a counter electrode.
Figure 6-19

SEM

images of aligned carbon nanotubes coated with

polyaniline taken at 30° angle from the top (a) and from the
side (b).
Figure 6-20 Typical T E M images of the polyaniline - C N T coaxial
nanowires formed by the cyclic voltammetric method. The
images were taken in the tip region (left) and on the wall
(right).
Figure 6-21

FTIR spectrum of C N T / P A N i composite prepared by cyclic
voltammetry as in Figure 6-18.

Figure 6-22

Typical X P S survey spectrum of a polyaniline coated
aligned

carbon

nanotube

array

synthesised

by

electrochemical polymerisation. The increased intensities of
oxygen and nitrogen indicate that a successful polymer
deposition has occured.
Figure 6-23

R o o m temperature R a m a n spectra of (a) bare C N T s ; (b)
CNTs-PANi composite in the range of 190-4000 cm'1.

Figure 6-24 Cyclic voltammograms of (a) the polyaniline - coated
(CNT/PANi) coaxial nanowires and (b) the bare aligned
carbon nanotubes. Measured in an aqueous solution of 1 M
H 2 S 0 4 with a scan rate of 50 mV/s.
Figure 6-25

Measurement geometry in the S T M / S T S experiment

Figure 6-26

STM

image of an M W N T cap. A portion of a hexagonal

lattice is overlaid to guide the eye.
Figure 6-27

(a) S T M topographic image of seven fully covered M W N T
caps. The caps are marked by crosses, (b) STS of the caps
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shown in (a). The linear I-V characteristic indicates their
metallic behaviour.
Figure 6-28

(a) S T M image of a covered cap. (b) Section analysis of the
cap area taken along the highlighted line in (a). The
distance between the grey arrows is a measure of the
interchain distance of the polyaniline.

Figure 6-29

Current imaging tunnelling spectroscopy (CITS) scan of
three M W N T

caps and their surrounding, (a) S T M

topographic image, the inset shows a line profile of the cap
taken along the highlighted line, (b) S T M image in a region
between the caps shown in (a), the phenyl rings are clearly
visible, (c) 64 x 64 pixels current image (high-contrast
pixels represent high current and darker area represents low
current). The caps area exhibits lower conductivity than the
surrounding 'polymer' area,

(d) S T S I-V curves show

metallic behaviour for both caps and the surrounding
polymer region. Kinks in the I-V curves of the caps are
clearly visible which indicate that these nanotubes are not
fully covered by polyaniline.
Figure 7-1

Cyclic voltammograms obtained in

0.10 M

hydrogen

peroxide in 0.10 M sodium phosphate buffer solution (pH
7.45) at (a) C N T array electrode; (b) A u electrode; (c)
C N T array electrode in the absence of H 2 0 2 . Each electrode
has the same geometric surface area (0.09 c m ). Pt foil (1
c m ) was used as a counter electrode. Scan rate = 50 mV/s.
Figure 7-2

Cyclic voltammograms obtained in 0.10 M H2O2 at a C N T
array electrode in 0.10 M sodium phosphate buffer solution
(pH 7.45) at scan rates (a) 100 mV/s; (b) 80 mV/s; (c) 50
mV/s; (d) 25 mV/s. (e) the same electrode (0.09 cm 2 ) was
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scanned in the absence of H 2 0 2 at scan rate 50 mV/s. Insert
is the plot of peak current versus square root of scan rate.
Figure 7- 3

SEM

imagines of C N T s before (a, b) and after (c, d)

oxidation in 3 7 % H C 1 at 80° C for 1 h. (a) and (c) at high
magnification;

(b) and

(d) at

low

magnification,

respectively.
Figure 7-4

Cyclic voltammogram obtained in 0.10 M H202/buffer (pH
7.45) at the carbon nanotube array electrode after removing
Fe particles in 3 7 % HC1 at 80° C for lh. Scan rate 50mV/s
vs Ag/AgCl. Pt foil was used as a counter electrode.

Figure 7-5

Cyclic voltammograms of (a) M W N T mat (2 x 0.09 cm 2 ,
both side exposed to the solution), and (b) an aligned C N T
film (0.09 cm 2 ) were recorded in 0.10 M H 2 0 2 containing
0.10 M sodium phosphate buffer solution (pH= 7.45). Scan
rate 50 mV/s with Pt foil (1 cm 2 ) as a counter electrode.

Figure 7-6

X P S survey spectra of (a) M W N T mat, (b) S W N T mat.
Both contain Fe particles.

Figure 7-7

Cyclic voltammograms of CNT/PPy electrode in (a) 0.10 M
buffer solution (pH 7.45) containing 0.10 M

hydrogen

peroxide; (b) 0.10 M buffer only; (c) Au/PPy electrode was
scanned in the same electrolyte as (a). With Scan rate 50
mV/s using a Pt foil (1 cm 2 ) as a counter electrode.
Figure 7-8

XPS

spectra

of

(a) CNT/PPy/C10 4 ";

(b) C N T /

PPy/GOx/C10 4 .
Figure 7-9

X P S of C ls high resolution of (a) CNT/PPy/GOx electrode
(with curve fitting) and (b) Au//PPy/GOx electrode. The
functional groups from G O x were assigned through curve
fitting. Ci represents hydrocarbon species; C 2 represents
C = 0 or O-C-0 species; C 3 represents C O O H species; C 4
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represents C - 0 species. Both electrodes were prepared by
immobilization of G O x (2 mg/ml) in-situ into the polymer
matrix

on

the

substrate

electrode.

The

electropolymerization reaction was carried out in 0.10 M
pyrrole/0.10 M N a C 1 0 4 at applied potential 1 V for 60 s
with Ag/AgCl as a reference electrode and Pt foil as a
counter electrode.
Figure 7-10

Effect of the applied potential on the response current of
the C N T / P P y / G O x electrode to 20 m M glucose in 0.10 M
sodium buffer solution (pH 7.45).

Figure 7-11 The response of CNT/PPy/GOx electrode to glucose at a
working potential of 0.45 V. Successive injection of
glucose is 2.60 m M each step. Arrows indicate injection
points.
Figure 7-12

Calibration curve of the CNT/PPy/GOx electrode response
to glucose at 0.45 V in 0.10 M sodium phosphate buffer
(pH 7.45).

Figure 7-13

Influence of interferent reagents on glucose response
current in 0.10 M buffer solutions (pH 7.45).

Figure 7-14

Dependence of the biosensor

sensitivity on (square)

C N T / P P y / G O x electrode; and (cycle) on Au/PPy/GOx
electrode in different glucose concentration containing p H
7.45 buffer at the electrode potential 0.45 V versus
Ag/AgCl. The geometric area of the Au/PPy/GOx electrode
(1.76 cm 2 ) is 1.5 times larger than C N T / P P y / G O x (1.17
cm 2 ) electrode.
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1.1 CARBON NANOTUBES

1.1.1 The discovery of carbon nanotubes
Carbon nanotubes (CNTs) were first discovered by the electron
microscopist Sumion Iijima in Japan when he was studying the surface of
carbon electrodes used in an electric arc-discharge apparatus for making
fullerenes (1). In the deposit formed on the graphite cathode after arcevaporation, he found some interesting carbon structures that had never
been observed before. The novel carbon structures, consisting of multilayer concentric hollow fibres with nanometer scale diameters with ends
capped by hemispherical domes of fullerene-like structures, were named
carbon nanotubes. A carbon nanotube can be thought of a hexagonal
network of carbon atoms be rolled up to form a seamless cylinder
terminated by 6 pentagons at each end as shown in Figure 1-1. During the

curling of the graphite sheet, helicity is introduced since three kinds o

arrangements are possible: armchair, zigzag, and chiral nanotubes (Figure
1-2) (2). The atomic structure of nanotubes is described in terms of the

tube chirality, or helicity, which is defined by the chiral vector Ch, gi
by Equation (1.1) (2):
Ch = ndi+md2, (1-1)

Where &i and d2 are unit vectors in the two-dimensional hexagonal lattice
n and m are integers (Figure l-2b) (3-4). Electronic band structure
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calculations predict that the (n, m) indices determine whether a tube wi
metal or a semiconductor. In terms of the roll-up vector, armchair
nanotubes are formed when n = m and the chiral angle is 0°; zigzag
nanotubes are formed when either n or m is zero and the chiral angle is

all other nanotubes, with chiral angles intermediate between 0° and 30°,
known as chiral nanotubes.

Figure 1-1 Scheme of a closed single carbon nanotube capped with 6 pentagons on
each ends.

!-'jph.n« »n..l

SWNT

Figure 1-2 Schematic diagram of a 2D graphene sheet is rolled up to form a carbon
nanotube (a) and (b); (c) Illustrations of the atomic structures of(l)an armchair
zigzag; (3) a chiral nanotube (2-4).
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Theoretical calculations (5-7) and recent experimental verification (8)

indicate that a (n, m) carbon nanotube will be metallic when (n-m) = 3q

where q is an integer. Hence, all armchair nanotubes are metallic, while
rest are semiconducting.

There are two distinct types of nanotubes, single wall nanotubes (SWNTs)
and multi wall nanotubes (MWNTs). The carbon nanotubes discovered by

Iijima produced in the conventional arcing process were found to be mul
wall nanotubes as confirmed by high resolution transmission electron
microscopy (HRTEM) (Figure l-3a). Two years later, Iijima reported (9)

that single-shell carbon nanotubes with 1 nm diameter were found in the

gas phase during arc discharge in the presence of iron particles (Figur

3b). Kiang's group (10) reported that single wall carbon nanotubes were
formed in an arc generator using a cobalt catalyst. MWNTs are composed
of concentric SWNTs with the interlayer spacing ~ 0.34 nm (slightly

greater than 0.335 nm of graphite) (1). The pitch of the helix varies f
one cylinder to another in a MWNT. Such structures are therefore more

complex than single wall tubes. It is therefore concluded that some of t

cylinders in the same tube would show either metallic or semiconductive
properties. The smallest diameter of SWNTs reported so far is 4 A (11).
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(a)

(b)

Figure 1-3 High resolution transmission electron microscope (HRTEM) images of
Iijima's observation (a)firstmulti wall carbon nanotubes with different layers; (b) f
single wall carbon nanotube and diffraction pattern (1,9).

1.1.2 Synthesis of carbon nanotubes

Numerous methods have been developed to synthesis both single and mu

wall nanotubes in various forms. These include arc discharge (1, 12)

vaporization of graphite (13-14), catalytic pyrolysis of hydrocarbons

16) and electrolysis of metal salts using graphite electrodes (17-18)

1.1.2.1 Entangled multi wall nanotubes

As discussed earlier, the initial carbon nanotubes observed by Iijim

multi wall nanotubes (MWNTs). They were readily prepared by striking
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arc between two pure graphite electrodes in 1 atm helium (Figure 1-4). But

the poor yield in his first report impeded further progress in evaluating

properties of carbon nanotubes. A year later, Ebbesen et al. (19) optimis
the reaction conditions using higher helium pressures (500 torr) that
resulted in gram quantity yields of carbon nanotubes (75% conversion).
However, arc-discharge suffers some drawbacks: requiring expensive high

purity graphite as starting material as well as the use of very high reac
temperatures. Currently, the most promising approach to increase the
carbon nanotube yield and improve the quality of carbon nanotubes is
based on chemical vapour deposition (CVD) (Figure 1-5). It has been
reported that carbon nanotubes can be produced at relative low

temperatures using different catalysts during the pyrolysis of hydrocarbo
such as acetylene over iron/graphite (20), cobalt/graphite (21-22) or

iron/silica (23). Long multi wall nanotubes reaching up to 2 mm in length
have been obtained in Pan's experiments (23). Recently, a Chinese group
claimed that they can produce 20 cm long single wall nanotube ropes by

direct synthesis (24). Production of nanotubes after pyrolysis of several
other hydrocarbons including benzene (25-26), carbon monoxide over Pd
particles (27), or methane (28-29), has been successfully reported. The
support-free CVD process using iron pentacarbonyl [Fe(CO)5] as iron

precursor and ethylene as carbon source in a vertical furnace has produce
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large quantity of carbon nanotubes (30). It has been reported that carbon
nanotubes could be produced on silicon oxide (sodalime) through
decomposition of acetylene over pre-deposited Fe at temperatures as low

as 550°C (31). This enables the use of low cost glass for nanotube growt
instead of the more expensive quartz. However, all carbon nanotubes
obtained from the methods above are entangled and not aligned (Figure 1
6).

In order to utilize nanotubes for field emission devices, it is essenti

the emission source should have highly oriented and well-distributed tub

(32). The uniformity of tubes improves device reliability when using the

in nanoelectronics (33). Hence, the alignment of the carbon nanotubes is

particularly important for both application and fundamental studies. One
approach has been to use post-growth manipulation or assembly. Using

this approach it has been noted that it is difficult to get high nanotub
density and structure alignment (34).

8
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Figure 1-4 A schematic representation of an arc evaporation unit used for producing
carbon nanotubes. A hard deposit (A) grown on the end of the cathode, soot (B)
deposited on the walls of the evaporator, and soot (C), carbon nanotubes, grown on th
surfaces of the cathode (35).

m

Figure 1-5 Schematic drawing of pyrolysis device for nanotube production using
chemical vapor deposition method: (A) the furnace; (B) a quartz tube with gas inlet
and outlet system; (C) a quartz boat for carrying the catalyst during the synthesis; a
(D) the thermocouples (36).

* .
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Figure 1-6 SEM image of entangled MWNT

carbon nanotubes.
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1.1.2.2 Aligned multi wall carbon nanotubes

The alignment of carbon nanotubes on large areas was first achieved usin

mesoporous silica with iron nanoparticles embedded as substrate. Thermal
decomposition of acetylene (37) at 700°C was used. The aligned array of
isolated tubes perpendicular to the surface of the silica was confirmed
scanning electron microscopy (SEM). Aligned carbon nanotubes were also
prepared by catalytic decomposition of 2-amino-4,6-dichloro-s-triazine

1000° C using a laser-etched cobalt thin film as the catalyst on a silic
support (Figure 1-7) (38-39). Another method involved the use of a
ferrocene-xylene mixture (40). The absence of polyhedral particles and
other graphitic nanostructures as confirmed by transmission electron
microscopy (TEM) indicates a high purity. Ren et al. (41) employed
plasma-enhanced system to decompose acetylene below 660 °C on a
nickel-coated glass in the presence of ammonia. It was concluded that
ammonia plays a crucial catalytic role together with the nickel layer
promoting the growth of aligned carbon nanotubes (Figure 1-8). The fact
that the ends of the nanotubes were closed and capped with nickel

nanoparticles suggests that these particles play a role in the growth of
tubes. The metal nanoparticles produced in-situ via the pyrolysis of

organometallic precursors provides an advantage for growing the tubes in

one step without prior preparation of the substrates (42-43). It has bee
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confirmed from the above experiments that the presence of metal particles
is essential for the formation of nanotubes by the pyrolysis process and
the diameter of the nanotube is determined by the size of the metal
particles (44).
Hexagonally ordered arrays of nanotubes have also been produced using
alumina templates within ordered pores resulting in opened carbon
nanotubes (45-47), but removing the template after synthesis has impeded
the application.

Temperature
cor\uoner

IMcftad
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Figure 1-7 Two-stage pyrolysis furnace used to produce aligned carbon nanotubes
(38).

Figure 1-8 SEM image of aligned carbon nanotubes prepared on the nickel coated
glass substrate below 660° C (41).
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1.1.2.3 Single wall carbon nanotubes

Single wall nanotubes were originally synthesised by an arc-discharge

method using metal filled graphite rods (9,10). Higher yield and higher

purity has more recently been obtained either using laser ablation (14
(Figure 1-9) or direct arc plasma method (Figure 1-10) (48).

Figure 1-9 Schematic of the laser ablation process for producing carbon nanotubes
(14).

Figure 1-10 (a) The larger graphite cathode bowl used in Huang's work; (b)
Schematic showing of the arc-discharge electrodes, arc plasma and distribution of the
catalysts (48).

The longest SWNT produced by direct synthesis in a vertical furnace is

reported to be ca. 20 cm (24). To date, however, there is no successful
method able to produce aligned SWNT arrays.

3 0009 03317392 8
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1.1.3 Characterization of carbon nanotubes

SWNTs are well-defined systems in terms of electronic properties. The
transport properties of a single tube connecting two nanofabricated

electrodes revealed metallic, semiconducting, and non-metallic behaviour
depending on the CNT structure: armchair, chiral, and zig-zag

respectively. Conduction occurred through well-separated discrete electr
states that were quantum-mechanically coherent over a few hundred
nanometers (8, 49). This demonstrates that a SWNT can behave as a
quantum wire. Defect-free SWNTs exhibit semiconducting and metallic

behaviour that is dependent on helicity and diameter (3). The electrical
conductivity of the pristine nanotubes can be altered by doping. The

addition of boron or nitrogen in the lattice of nanotubes has been shown

increase the metallic features in the electronic density of states (50).
probe transport measurements on SWNT ropes demonstrate that doping
involves charge transfer. The SWNTs are inherently p-type materials
because of defects or inadvertent doping by exposure to air (51).
The transport measurements on bundles of multi walled carbon nanotubes

revealed that each nanotube exhibits unique conductivity properties (5254) leading to both metallic and non-metallic behaviour (resistivity at
K of ca. 1.2 x 10 ^ to 5.1 x IO"6 ohm cm"1). However, contrary to SWNTs,
each MWNT is typically composed of several cylinders of different
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helicity and diameters, complicating any simple interpretation of transport
based on theoretical predictions from SWNT data.

Not surprisingly, the electrical contacts to carbon nanotubes influence t
contact resistance and hence, their ultimate use in devices. It is

acknowledged that transport properties are not always consistent due to t

variation in CNT samples from different suppliers and batches. In additio
point defects of the tubular structures due to possessing a 5-membered
carbon rings or 7-membered rings (55-56) can cause electron scattering
leading to poor electronic performance. The volume defects caused by

deformation of tubes results in the decreasing of the mechanical strength
(57). Electron-spin resonance (ESR) studies of carbon nanotubes have
been used to detect conduction electrons, in other words to tell whether
metallic or very narrow bandgap semiconducting tubes are present (58).

The presence of transition metals along strongly influences the electrica
resistance (59).
The mechanical properties of single wall or multi wall nanotubes have
been extensively investigated. The basic constitution of the nanotube

lattice is the C-C covalent bond, which is one of the strongest in nature
Calculations based on SWNTs predict that nanotubes would be
exceptionally strong along their length (60-61). Direct HRTEM
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observations reveal that nanotubes are remarkably flexible (Figure 1-11)
(34), (61-63).
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Figure 1-11 TEM image and computer simulation of nanotube buckling (61).

The first Young's modulus, a key measure of how resistant a material is t
being bent, was measured by Ebbesen's group (65). This involved simply
watching nanotubes vibrate under an electron microscope and a Young's
modulus of 1.8 Tpa was estimated. This figure is much higher than steel
(ca. 0.2 TPa), diamond (ca. 1.0 TPa) and conventional carbon fibres (0.8
TPa). The hollow structure and closed topology of nanotubes produce a
distinct mechanical response in nanotubes compared to other graphitic

structures. Unlike carbon fibres, carbon nanotubes can be bent, twisted o
flattened without breaking (66-67). Another advantage of nanotubes is
their behaviour under compression. It has been confirmed that carbon
nanotubes are extraordinarily flexible under extreme strain. The bending
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completely reversible up to angles in excess of 110° (62). Their low
density, due to the relatively large hollow channels, makes them good
candidates for the fabrication of nanocomposite structures.

The use of bulk quantity CNTs as conductive filler in insulating polymer

matrices or as reinforcement materials (66, 68-69) has been investigated
Qian et al. (70) characterized carbon nanotube/polystyrene composites.
The 36-42% increase in the elastic stiffness and a 25% increase in the
tensile strength were achieved with the addition of only 1% (w/w) MWNT.

This is superior to carbon fibres where 10% short carbon-fibre by weight
was required to achieve the same increase in elastic modulus. Uniform
dispersion within the polymer matrix and improved nanotube/matrix
wetting and adhesion are critical issues in the processing of
nanocomposites. Surfactant-assisted processing of nanotube composites
with a non-ionic surfactant was investigated (71). Improved dispersion
interfacial bonding of the nanotubes in an epoxy matrix was reported to
result in a 30% increase in elastic modulus with addition of 1 % (w/w)
nanotubes.

Cooper et al. (72) studied the stress transfer between the epoxy-resin a
the nanotubes by detecting the G' Raman band (2610 cm'1). They
concluded that the effective modulus of SWNTs dispersed in a composite
could be over 1 TPa and that of MWNTs was about 0.3 TPa. The multi
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wall nanotube/epoxy composites were also tested in both tension and
compression by Schadler et al. (73). They found that the load transfer
(from matrix to the nanotubes) in compression is better than in tension
(load transfer between the nanotubes). This is similar to the single wall
nanotube/epoxy composites (74). As pointed out previously the quality of
tubes will affect their performance. The lower elastic modulus of 150 MPa
observed for a carbon nanotube/polyvinyl-alcohol composite was

attributed to either imperfections in the graphite layers of catalyticall
grown nanotubes or fundamental limitations in stress transfer (75).
Micromechanical characterization of these entangled composites is
difficult because the distribution of the nanotubes is random. Only one
report so far has described preparation of aligned nanotube composites by
mechanical stretching (76).
As expected, carbon nanotubes with one-dimensional nano-structure
provide a large surface area that could be useful in mechanical and
chemical applications. The surface area of a free standing SWNT film
determined by BET techniques is ca. 290 m2/g (77). Even greater surface

area is available if the CNTs are opened to permit access to the inner wal
Bundles of aligned and of entangled MWNTs or SWNTs have been used
as the smallest gas cylinders to absorb hydrogen (78-80). The results did

show that a large quantity of hydrogen at higher pressure (eg. 120 atm) or

CHAPTER 1

17

room temperature could be absorbed into the carbon nanotubes. Reversible
adsorption of hydrogen in carbon nanotubes, especially in opened tubes

was studied by Gadd et al. (81). All indicated that carbon nanotubes mig
be an effective candidate as a hydrogen-storage material for fuel cells
replace petroleum in the automobile industry.
Carbon nanotube molecular wires have also been used as chemical sensors
(82). The electrical resistance of a semiconducting SWNT is found to
dramatically increase or decrease upon exposure to gaseous molecules
such as N02 or NH3. The fast response and a substantially higher

sensitivity than that of existing solid-state sensors at room temperatur
should prove promising for miniaturized chemical sensors.
1.1.4 Opening and filling of carbon nanotubes

As-prepared CNTs are usually closed by pentagons or hexagons 'caps' at

their ends. Oxidation studies indicate that both tube caps and polyhedra
particles, that are present in the samples along with tubes, can be
preferentially destroyed by oxygen at higher temperatures, but the tube
surfaces of the low energy basal planes of graphite remain intact (83).
oxygen and C02 are conventionally used gaseous oxidants (83-84). High
yields of opened MWNTs are obtained by boiling them in concentrated

HN03 (85). The volume of the inner cavity of CNTs is sufficient for othe
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substances to occupy. C N T sfilledwith C u (86), Ni, Fe, A g , A u , Pd and R h
(87) were obtained by the reduction of the filled metal chlorides and
oxides from aqueous solution. Filling of carbon nanotubes using chemical
vapour deposition techniques has also been carried out. The in-situ growth
of nanotubes and filling with metals (Fe or Cr) without pre-opening is
correlated to the dual ability of orgametallic materials used to act as
catalysts as well as a carbon source (88-89). Very long metal nanowires,
filling the entire length of the nanotubes, are sometimes formed (90).
1.2 ELECTROACTIVE CARBON NANOTUBES AND THEIR
COMPOSITES
1.2.1 Carbon nanotubes as electroactive materials

Electronic conductivity, chemical inertness and structural uniformity have
been considered to be primary requirements for electroactive materials.

The use of carbon as an electrode material for electrochemical applications
has been extensively developed due to the high chemical stability and
importantly electronic conductivity available (91-92). As a new member of
the carbon family, carbon nanotubes are considered to be good electrodes
candidates. Fabrication and characterization of an electrode constructed
from a single carbon nanotube has been reported (93). Selective insulation

of a tube with a thin layer of polyphenol on the wall limits electrochemica
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activity to the tip region and the limiting current is essentially independent
of immersion depth. Recent experiments suggest that nanotube surfaces
show enhanced electron transfer rates when used as electrodes in chemical
reactions (94). The deposition of metals such as Pd and Ag onto carbon

nanotubes significantly shifts the potentials required for oxygen reducti
anodically. Exchange currents at metal/nanotube electrodes are much
higher than those observed for metals on graphite or glassy carbon
electrodes. The peak potential shift of 30 mV at a carbon nanotube

electrode, compared to the reaction on a carbon paste electrode, indicates
that the electrocatalysis of oxygen reduction on entangled MWNTs has
occurred. The large electrochemical surface area of CNTs is of great
advantage for any electrocatalytic application.
Ability of the CNTs to act as a sensor has been demonstrated (95). The
oxidation of dopamine at a carbon nanotube electrode constructed using a
binder was higher than that observed at other carbon electrodes.
Reproducible, well-behaved voltametric responses from redox proteins
immobilized on and within carbon nanotubes demonstrated their possible
application as biosensors (96).
The use of carbon nanotubes as electrical double layer capacitor (EDLC)

electrodes is interesting due to the ability of this material to accumulat

large amounts of charge in the electrode/electrolyte interface attribute t
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their special mesoporous structures (97-99). Nanotubular electrode
materials of high purity provide a rectangle-like shape during
voltammetry; a characteristic that proves double layer charging
predominates (100). Figure 1-12 shows the charge/discharge voltammetry
characteristics of single wall nanotube mat (101). Broad redox responses
observed in unannealed samples disappeared after annealing at 900° C
attribute possible to the impurity on the nanotube surface. The capacitance
of the samples investigated varied over a wide range due to sample-to-

sample differences in surface area. The capacitance is directly proportional
to the specific surface area (102).

— i —
0 0

-1—
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Figure 1-12 Cyclic voltammograms for three different samples of NTP3, NTP5 and
NTP5A (annealed) in 0.10 M NaCl, scan rate 50 mV/s. The location of the A/A' coup
is indicated (98).

The capacitance increased from 70 to 120 F/g following treatment of
carbon nanotubes by nitric acid (103). The box-like shape of the curve is
changed to a remarkable region of reversible pseudofaradaic reactions
(100). It is well known that improvements in capacitance brought almost
by faradaic reactions due to surface groups is not stable and diminishes
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with the number of cycles. The addition of inherently conducting polyme
(ICP) with values of capacitance for pure ICP of ca. 90 F/g further
enhances the capacitance of carbon materials (104). The use of aligned
carbon nanotubes as an electrode is limited. Che et al. (46) discussed
electrochemical energy storage using aligned carbon nanotubule
membranes that were prepared via the template method. The opened and

aligned tubes show much greater background current than that on a glass

carbon electrode. The first demonstration of an electromechanical actua
using single-walled nanotube mats has been reported (105). The obtained

stress is twice higher than that from human skeletal muscle and frequen
responses up to 1 KHz were reported.

1.2.2 Electrochemcial synthesis of conducting polymer composites
based on carbon nanotubes

1.2.2.1 Development and synthesis of conducting polymer

The discovery of conducting polymers began with an accident in the late

1970s. The pioneer scientists who have made considerable and invaluable
contributions in this synthetic metal field were awarded the year 2000
Nobel Prize in Chemistry. It is well known polyacetylene was the first
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polymer observed to be able to conduct electricity (106). Since then, a
series of conducting polymers have been synthesised (eg. Table 1-1).
To make a polymer conduct electricity, the polymer system should possess

not only charge carriers but also continuous orbital overlaps to provide f
movement along the polymer backbone. This can be achieved by
incorporation of small quantities of chemicals into the conjugated polymer

to provide charge carriers (eg. p-doping) and via the overlapping n orbital

Table 1-1 Examples of conducting polymers and their structures (107)

Polymer
(dale conductivity discovered)

Structure

B-R* hand
gaptcV)

(Viiduclmi)
S/unp

I. Polyacelylcnc and analogues
Polyacetylene
(1977)

A.

1.5

10" - I 7x10

3.1

M r - 7.5> IO1

2.5

3-5*10'

II

Polypyrrole

(1979)

MyOiiophen-

^LAKX.

TrVSvV

Kff.

11. Polyphenylenes
Poly(paraphenylenc) 4\ M- 3.0 102-10'
(1979)
Poly(paraphcnylenevinvlenei rl979)
vinylcnc)
(1979)

\L
j—*)
W-J
^T".

III. Poly(phenylene chalcogenidcs)

of conjugated polymers. A charge m a y also be donated to the conducting
band of the conducting polymer (n-doping), causing reduction of polymer.
Both routes result in introducing the charge carriers (e.g. polaron.
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bipolaron, and soliton) required for conduction (108-109). The level of
conductivity varies depending on the molecular structure of the polymer
backbone, the degree of doping and the nature of the counterion species
incorporated (110).
Conducting polymers can be synthesised by either chemical or
electrochemical oxidative polymerisation from a monomer solution
containing a dopant. The electrochemical approach has, in particular,
become a widely used procedure (111) as:
(i) it provides accurate control over the rate of polymerisation and
the amount of polymer formed.
(ii) It offers the advantage of producing uniform polymer coatings.
(iii) A wide range of dopants can be easily and homogeneously
incorporated into the polymer.
(iv) It provides comparable mechanical properties to polymers
obtained using the chemical method and in certain conditions the
polymer can be peeled off from the electrode surface.
Among the conducting polymers shown in Table 1-1, polypyrrole has been

the most intensively studied because of its chemical and thermal stabilit
and the fact that it is easily prepared in neutral aqueous solution.

Potentiostatic , galvanostatic or cyclic voltammetric methods are the mos
commonly used techniques for electrochemical polymerisation. Common
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working electrodes include inert platinum, gold, I T O (indium-tin-oxide)
coated glass and glassy carbon. Auxiliary and reference electrodes can be
made of platinum foil/gauze or Ag/AgCl in 3 M KC1 respectively.

1.2.2.2 Carbon nanotube/conducting polymer composites

Recently, coating of metals (112) and inherently conductive polymers on
to carbon nanotubes has been of interest due to the numerous potential
applications in batteries (113-114), fuel cells (81), magnetic memory
devices and composites. Modification of carbon materials by inherently
conducting polymers is of particular interest (115-116). The development
of novel conducting polymer-nanotube composites by mixing carbon
nanotube powder with poly (m-phenylenevinylene-co-2,5-dioctoxy-pphenylenevinylene (PmPV) has been reported by Curran et al. (117). The
combination of carbon nanotubes with ..-conjugated polymers is of great
interest in the area of light-emitting diodes (118). Nanocomposites
containing nanotube / PmPV exhibit an increase in electrical conductivity
compared to the pristine polymer of nearly 8 orders of magnitude, with
little loss in photoluminescence properties (117), (119). This is unlike
chemically or electrochemicallly doped polymers, where the conductivity
was increased, but the introduced solitons, polarons or bipolarons quench
the radiative decay of excitons. Carbon nanotube/conducting polymers
composites containing polypyrrole or polyaniline can also be synthesised
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chemically by in-situ polymerisation of the ICP in the presence of C N T s

(120). This results in enhanced electronic properties for polymers. Tang

al. (121) reported that short nanotubes wrapped in poly(phenylacetylene)
(PPA) chains are soluble in common organic solvents including
tetrahydrofuran, toluene, chloroform, and 1,4-dioxane. Partially
unwrapped nanotubes allow the naked part of the nanotubes to react with
chemical reagents in solution. Carbon nanotube/conducting polymer
composites have improved thermal stability, strength and conductivity

compared to the polymer alone (122). This is in contrast to the sacrific
conductivity usually observed as a result of improving the strength of
conducting polymer by copolymerisation with the an inert polymer, such
as poly(vinylchloride) (PVC) (123). Some areas along the tube were not

covered by the coating materials, and sometimes nanotubes wrapped by the
linked polymer were observed (121)
It is well known that inherently conducting polymers (ICPs) have good

charge storage ability (124). In order to increase the charge capacity o

polymer battery, the doping charge of the polymer film must be increased

Although this can be reached by increasing the thickness of polymer, the

drawback is the increased film thickness will slow down the ion diffusio

and migration in and out of the thick film. (eg. charging-discharging rat
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Charge capacity can also be achieved by depositing a thin layer of polymer
on the carbon nanotubes, which have extremely high surface area. The

resultant structures have fast doping-dedoping characteristics with highe
charge storage (125). However, some areas along the entangled tube were
not covered by the coating materials, and sometimes nanotubes wrapped
by the linked polymer were observed (121). The polymer thickness on the
CNT depends on the charge passed during electropolymerization.
The results of electrodeposition of polyaniline onto entangled CNTs show
that small dimensional MWNT whisker electrodes produce a higher
current density during the anodic oxidation of aniline compared to

conventional electrodes such as Pt. It is suggested that this is attribut
the relatively large surface area and unusual topology (126).

1.3 AIMS OF THIS THESIS

This project aims to focus on the synthesis and characterization of align
carbon nanotubes as well as their electrochemical behaviour in various
conditions.

First of all, the synthesis of aligned carbon nanotube arrays is investig
in Chapter 3. Several factors influencing the alignment of carbon
nanotubes have been addressed. The formation mechanism of aligned

multi wall carbon nanotubes and their bamboo-like structures are discusse
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in detail in Chapter 4. The conductive aligned carbon nanotube arrays are
then employed as electroactive materials (Chapter 5).
It is expected that the aligned carbon nanotube array should provide a
platform to form well-controlled polymer coatings so that the

electrofunctionality of the CNT arrays can be significantly enhanced by t
formation of composite structures using nanotubes and inherently

conducting polymers (Chapter 6). The higher sensitivity and selectivity t
glucose detection using PPy-GOx coated CNTs indicate that the thin layer
of polymer on the highly conductive carbon nanotube electrode is
potentially useful for enzyme entrapment for biosensor applications
(Chapter 7).
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2.1. TECHNIQUES USED FOR CARBON NANOTUBE GROWTH

2.1.1 Chemical vapour deposition

Chemical Vapour Deposition (1) ( C V D ) involves transformation of

decomposed gaseous molecules into a solid material, in the form of a thi

film or powder on the surface of a substrate. The essential requirements
for CVD consist of precursor, reactor and energy (Figure 2-1). The
apparatus used for CNT growth is detailed in Chapter 3. Examples of

deposited layers are metals, alloys or polymeric materials. This techni

has being widely used in the area of integrated circuits, optoelectronic
devices, sensors and protective coatings.

Solid Products
(Thin films and powders)
Precursor

Reactor

Gas Phase Products

Energy

Figure 2-1
deposition.

Schematic showing essential components for chemical vapour
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2.2. TECHNIQUES USED FOR POLYMER GROWTH ON CNTS

2.2.1 Potentiostatic polymerization

A controlled voltage between working electrode and reference electrode is

set to a desired value so that the reaction of interest takes place whils
undesirable side reactions are minimised. This is achieved using a
potentiostat. The polymerization reaction occurs when current flows

between the working electrode and counter electrode. The current recorded
as a function of time indicates the degree of monomer and/or polymer
oxidation /reduction.

2.2.2 Potentiodynamic polymerisation

Polymer can be formed at working electrode when the potential is scanned

or pulsed over the range where polymerisation takes place. This technique

is very useful for initial investigations of monomer oxidation. A limited
potential range will allow polymerization occurring and minimise
unwanted side reactions.

2.2.3 Electrochemical cells and electrodes

A one compartment cell with a three-electrode system (working, counter
and reference electrode) is generally used. The working electrode is the
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electrode under investigation. Platinum is normally used as a counter
electrode. The monomer solution is well stirred throughout the
electropolymerization to achieve rapid mass transport (Figure 2-2).

Counier electrode

Figure 2-2 Schematic showing a one-compartment cell together with three-electrode
system used in the electrochemical experiment.

2.3. TECHNIQUES USED FOR CHARACTERIZATION OF CNTs
AND THEIR COMPOSITES

2.3.1 Cyclic voltammetry (CV)
Cyclic voltammetry is the most convenient and reliable electrochemical

approaches to elucidate the nature of electrochemical process. The ability
to provide information on the kinetics of heterogeneous electron transfer

reactions and determine redox potentials of the electroactive species make
it the first experiment performed in most electroanalytical studies. It
consists of measurement of current flows at the working electrode as a
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function of applied potential. The resulting plot of current vs. potential is
termed a cyclic voltammogram.

For a reversible process, the voltage is swept linearly between E. and E
a fixed rate (Figure 2-3). When the voltage reaches E2 after passing the

maximum current (peak), the scan is reversed back to Ei. This triangular
potential waveform can be single or multiple cycles. A typical cyclic

voltammogram recorded for a reversible redox reaction is shown in Figure

2-4. The voltammogram is characterized by a peak potential EpM or Epx , at
which the current reaches a maximum value .p,a or /pc. The peak potential
can be related to the half-wave potential Em by the expression:
Ep--E1/2±1.11— =Em±— at25°C (2.3)
nF

n

So the peak-peak separation is given by the relationship
A£ = £pa-£pc= — at25°C (2.4)
n

The peak current is given by the Randles-Stevik equation (3)
ip = 2.69 x IO5 x n3/2 x A Dm x C6 x vm at 25° C (2.5)
where ip is in A, A (the electrode surface area) in cm , D (diffusion
coefficient of the species being ox/red ) in cm2 s"1, C* (electrolyte
concentration) in mol cm" and v (san rate) in V s" .
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Figure 2-3 Potential-time dependence resulted from cyclic voltammetry.

Figure 2-4 Typical cyclic voltammogram
and peak current (7Pia and ipx).

marked with peak potential (Epa and Epr)

The peak currents are proportional to the square root of the scan rate
.p,aand/PiC °°u1/2
A s the influence of scan rate is explained for a reversible electron transfer
reaction in terms of the diffusion layer thickness. The CV for cases where
the electron transfer is not reversible show considerably different
behaviour from their reversible counterparts.
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2.3.2 Scanning electron microscopy ( S E M )
Scanning electron microscopy (SEM) is one of the most versatile and

widely used tools for study of surfaces topography. The ability to provid
at nanometer-micrometer dimensions makes SEM considerably useful in
the nanotechnology area. It involves scanning of an electron beam across
surface and secondary electrons are ejected from the surface. A detector

counts these electrons and sends the signal to an amplifier (4). The fina
image is built up from the number of electrons emitted from each spot on
the sample. The use of electrons instead of light waves (as with optical
microscopes) provides high resolution images of the morphology or
topography of a specimen, with great depth of field.

2.3.3 Scanning tunnelling microscopy (STM) and scanning tunnelling
spectroscopy (STS)
Scanning tunnelling microscopy provides real-space images of surfaces
with atomic resolution. STM uses a sharpened, tiny conducting tip with a

bias voltage applied between the tip and the sample. When it moves over a

sample, electrons from the sample begin to tunnel through the gap into th
tip. The tip is scanned line by line above the sample following the
topography of the sample, so the measurement of resulting tunnelling
current creates a picture of the surface virtually atom by atom (Figure
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Very small changes in the tip-sample separation induce large changes in
the tunnelling current according to Exponential Law:

i = K*uV(k*d),
where K and k are constants.

Figure 2-5 Schematic illustration of how STM tip scans over the surface at single
atom interval to achieve an image.

Scanning tunnelling spectroscopy (STS) measurements were performed by
interrupting the lateral scanning as well as the feedback loop and

measuring the current, i, as a function of tip-sample voltage, V at a fi
tip-sample distance.

2.3.4 Transmission electron microscopy (TEM)

Very much like light is transmitted through the materials in convention

optical microscopy. TEM allows electrons to transmit through the sample.
Because the wavelength of electrons is much smaller than that of light,

optimal resolution for TEM is many orders of magnitude better than that
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observed from a light microscope. Thus, high resolution T E M can reveal

the finest details of internal structure at a scale bar of few nanometers.
Sample thickness influences the resolution of its image so TEM samples
must be specially prepared to allow electrons to transmit.

2.3.5 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS, also called electron spectroscopy

for chemical analysis, ESCA) is an electron spectroscopic method that uses

X-rays to excite photoelectrons, and the emitted electron signal is plotte
as a spectrum of binding energies (Figure 2-6). Electrons travelling from
sample surface towards the energy analyser should encounter as few gas
molecules as possible. Otherwise they will be scattered and lost from the

analysis, so this technique is very surface-sensitive and is used mainly f
the surface analysis (5).

iSSSSSSSfcSS ionization
potential

hv

-©—

K

Figure 2-6 Schematic diagram of a core electron ejected by X-rays to produce a
photoelectron.

CHAPTER 2

49

The basic equation of X P S wasfirststated by Ruttherford (6), which was
subsequently modified to
Ek = hv - Eh (2.6)

Where Ek is kinetic energy, if these photoelectrons are determined by the
energy of the X-ray radiation, hv, and the electron binding energy, Eb.

The experimentally measured energies of the photoelectrons are given by:
Ek = hv - Eb - Ew (2.7)
Where Ew is the work function of the spectrometer.
XPS instruments consist of an X ray source, an energy analyser for the
photoelectrons, and an electron detector. The analysis and detection of

photoelectrons requires that the sample should be placed in a high vacuu
chamber (<108 torr). Since the photoelectron energy depends on X-ray
energy, the excitation source must be monochromatic (e.g. A\Kq). The

energy of the photoelectrons is analysed by an electrostatic analyser, a
the photoelectrons are detected by an electron multiplier tube or a
multichannel detector such as a microchannel plate.
XPS can provide elemental analysis for essentially the entire periodic
table. Different chemical states resulting from compound formation are
reflected in the photoelectron peak positions and shapes, making XPS
useful to identify the oxidation state and ligands of an atom, which is

analogous to the chemical shift in NMR. Spectral information is collecte
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from a depth of 2-20 atomic layers, depending on the material studied. In
the area of polymer surface study, carbon bound to itself and/or hydrogen
only, no matter what hybridisation, gives C ls = 284.7 eV which is often
used as a binding energy reference.

2.3.6 Measurement of bending modulus of individual nanotubes
To carry out this measurement on a single nanotube with a wellcharacterized structure, a TEM specimen holder was specially built for
applying a voltage across the nanotubes and its counter electrode (Figure
2-7) (7-8).
Teflon

gold

_r
O"

Q

6 u m range piezo

\J
, nanotube fiber
Io micromeler screw
with decoupling

Figure 2-7 Schemetic diagram of the TEM specimen holder for in-situ
measurement the mechanical properties of a single nanotube (9).

The nanotubes were each fixed at one end to a gold/platinum wire, while

the other end were close to a counter electrode (gold ball) at a distance
few microns. The forefront of the electrode with carbon nanotubes and the
counter electrode can be directly seen under T E M . Thus, the measurements
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can be done on a specific nanotube whose microstructure is determined by
transmission electron imaging and diffraction.

2.3.7 FTIR and Raman
FTIR and Raman are techniques used to characterize the functional groups

or conformational changes in a molecule. They are particularly usefully to

study the solid surface structure. In a solid sample the energy of a molec

is determined by motions of the electrons (£ei) and vibrations of the atom
or atomic groups (£vib)- A molecule can interact with electromagnetic
radiation when Bohr's frequency relation (10):

AE = hv with AE = Er Em
is fulfilled. AE represents the energy difference between two allowed
energy levels j and m, h is Planck's constant, and v the frequency of the
absorbed or emitted electromagnetic radiation.
Although FTIR and Raman spectra are based on the specific vibrations

different vibration energy levels, the interaction between electromagneti
radiation and the sample differs considerably in both spectroscopic
methods. In FTIR spectroscopy specific frequencies of polychromatic
radiation are absorbed by the sample, whereas in Raman spectroscopy the
monochromatic, generally visible radiation can be scattered (Raman
scattering) elastically with the same frequency as shown in Figure 2-8.

Raman scatter induced by a laser light gives much narrower spectral lines.

CHAPTER 2

52

photon in ^

^

~

—

^

—

—

Vibraation
energy
levels

.

1

Infrared Absorption

I
_

photon in

photon oul

i
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Figure 2-8 Diagram that illustrates infrared absorption and Raman scattering.

2.3.8 Contact angel measurement

A contact angle is the angle made by a drop of a liquid (water) putting on

surface where the edge of the drop contacts the surface beneath it (11). A

the basis of contact angle measurements is the equilibrium at a three-phas
boundary. The three phases can be solid, liquid and vapour or solid and
two immiscible liquids. For the solid-liquid-vapour system, the shape of

the drop is controlled by the surface energy of the material the liquid is
contact with.
Young (12) described the three-phase equilibrium as shown in equation 2.3
and Figure 2-8. osv is the surface (interfacial) tension of the solid in

equilibrium with the saturated vapor of the liquid, os\ the interfacial te

between the solid and the liquid; 0\w is the surface tension of the liquid
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equilibrium with its saturated vapour; 0 is the equilibrium contact angle for
a drop of the given liquid on the given solid surface.
osv - os] = Oiv cos0 (2.3)
In the thermodynamics of wetting, the minimization of the free energy of
the system imposes one contact value. However contact angle hysteresis
was observed (13) that a liquid drop on a solid surface can have many

different stable angles, continuously varying between two relatively well
reproducible value, the maximum being usually called the advancing angle
and the minimum the receding angle. When the contact angle is zero
degrees then the droplet of water will spread out completely over the
surface. It means the surface has an affinity to water and has good

cohesion with water, so the surface is hydrophilic. When no wetting occur

and the droplet stays very hemispherical then that is because the interf
free energy of the surface is low and the surface has poor cohesion with
water, therefore the surface behaves hydrophobic.

Figure 2.8 The Young equation
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CHAPTER 3

SYNTHESIS OF ALIGNED MULTI WALL CARBO
NANOTUBES

CHAPTER 3

56

3.1 INTRODUCTION

Currently, there are several approaches that can be used to produce align
nanotubes. The first aligned carbon nanotubes were prepared by a post-

synthesis alignment procedure, as described by Ajayan et al. (1) in which
aligned carbon nanotube arrays were formed by cutting a polymer resinnanotube composite. The resultant parallel and well-separated
configuration of nanotubes allowed measurement of individual tube
properties. However, the alignment strongly depended upon the thickness

of the composite slice and the process became impractical for large areas
In addition, the presence of the resin matrix is undesirable for many
measurements and applications.
Another approach, used mostly for growing aligned tubes on the

substrates, is catalytic chemical vapour deposition (CVD). One of the more
recent successful techniques is the catalytic decomposition of acetylene
700°C using catalytic nanoparticles embedded in mesoporous silica (2).

However, separation of carbon nanotubes from the support, as well as from
the amorphous carbon layer formed in the process, was found to be

difficult (3). A short time later, Mauricio Terrones et al. (4) developed
novel route, where aligned nanotube bundles were prepared by the
pyrolysis of 2-amino-4,6-dichloro-s-triazine over thin films of a cobalt
catalyst, patterned on a silica substrate by laser etching.
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Chemical alignment of oxidatively shortened single-walled carbon
nanotubes has been recently reported by Bin Wu (5), in which adsorption
(self-assembly) of carbon nanotubes occurred via COOH groups produced
at the open end of the tubes on various metal native-oxide surfaces.
However, the aligned tubes were only loosely connected to the substrate
and were not quite normal to the substrate.

It has been found that the simplest means of producing aligned nanotubes

in relatively large quantities is to use an organometallic precursor as
the carbon source and the growth catalyst. The advantage of the

organometallic precursor method is that the aligned bundles are produced

in one step without prior preparation of substrate (6-7). This simple an

efficient process allows aligned carbon nanotubes to be produced in larg
quantity at low cost.

3.1.1 Aims and methods

The objective of this chapter is mainly to focus on the preparation of
aligned multi wall carbon nanotubes as well as to study their formation
mechanism and morphology. Compared with the arc-discharge technique
(ref Chapter 1), the CVD technique has become one of the preferred
methods for fabricating carbon nanotubes in low temperature regimes
(<1000° C). Here, iron (II) phthalocyanine (FeC32N8Hi6) has been used as
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the organometallic precursor to produce aligned multi wall carbon
nanotubes under Ar/H2 at 800-1000° C on selected substrates. Unless
otherwise stated, this method was used for the preparation of carbon
nanotube electrodes through out the thesis.
Scanning electron microscopy (SEM) is a straightforward technique used
to study the morphologies of carbon nanotubes. Transmission electron
microscopy (TEM) was used to provide precise information of single tube
structure.

3.2 EXPERIMENTAL

3.2.1 Reagents
Iron (II) phthalocyanine (FePc) was purchased from Aldrich. All other
reagents were AR grade unless otherwise stated. All solutions were
prepared with ultra pure and low conductivity Milli-Q water.

3.2.2 Apparatus
Pyrolysis of iron (II) phthalocyanine (FePc) was performed under Ar/H2 at
800-1000° C using a quartz substrate in a flow reactor consisting of a
quartz glass tube and a furnace fitted with one temperature controller
(Figure 3-1). The surface of the quartz substrate plate was cleaned

ultrasonically in acetone, and then rinsed with fresh acetone and dried i
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air before use. The diameter of the hollow part of the furnace is 50 m m .
The actual working zone is about 8 cm long.
outlet

, I

ft
Ar
V-r 7

quartz tube

\s FePc

\

quartz plate

II _

T
bubble indicator
Figure 3-1 Apparatus, used for the generation of aligned carbon nanotubes on quartz
substrate, by pyrolysis of iron (II) phthalocyanine at 900° C.

SEM images were obtained using a Philips XL-30 FEG SEM unit at 5 KV.
TEM images were made on a JEOL 100C microscope at 100 KV. The gold

substrate used for growing nanotubes was prepared by sputter coating a
thin layer of gold on a quartz glass at 2 x IO"4 torr and 100 mA for 5
Nickel plate (0.5 mm thick) was purchased from Aldrich and cleaned

ultrasonically in fresh acetone for three times, then dried in air for
Electrocapacitance measurements were carried out using Maclab

connected to a Macintosh interface. A one-compartment cell was employe

as indicated in Chapter 2. Three-electrode system consisted of (1) CNT
working electrode (0.09 cm2, geometric area); (2) An Ag/AgCl (3 M KC1)

reference electrode; (3) A platinum foil (1 cm2) counter electrode. All
measurements were made at room temperature.
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3.2.3 Preparation of well aligned multi wall carbon nanotubes

Preparation of aligned multi wall carbon nanotubes by pyrolising iron (
pathalocyanine in dual furnaces has been reported by Huang et al. (1).

Here, a single furnace was used for both pyrolising the carbon source a
carbon nanotube growth, which significantly reduced preparation time
compared with the two-furnace method. Iron pathalocyanine (0.2-0.4g)
was placed in a ceramic boat and one-piece clean quartz plate (4 x 1 x

cm) was placed inside of the quartz tube, as shown in Figure 3-1. Befor
pushing the FePc boat into the working zone of the furnace, the whole
sealed system was flushed with argon for at least 15 mins to remove as

much oxygen as possible. The temperature was then increased at about 1°
C/sec under argon atmosphere. When it reached to around 300° C,
hydrogen was allowed to flush through the quartz tube with Ar/H2 =1:1
(35-40 ml/min). The temperature was further increased until it reached

900° C, then the quartz tube was further inserted to place the carbon s
in the working zone of the furnace (Figure 3-1). The FePc decomposed
immediately to become vapour at this high temperature and carbon
nanotubes were formed in-situ on the quartz plate under the mixed gas
flows. The decomposition reaction was confirmed by a considerable gas

releasing indicated by the ethanol bubbler. The whole process lasted ab
5 mins. Then H2 flow was turned off and the quartz tube was removed
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from the working zone of the hot furnace. The quartz tube was

continuously flushed with Ar without exposure to air and was open

when the temperature was less than 100° C. The resulted carbon na
appeared on the quartz plate as a black layer.
SEM images were taken by slightly scratching the black layer off

substrate surface with the sharp scalpel to obtain a clear side v
3.3 RESULTS AND DISCUSSION

3.3.1 General features of catalytically prepared aligned carbon
nanotubes

Aligned nanotubes grow homogeneously over the entire quartz glass

(1x3 cm) (Figure 3-2a). A small area covered with carbon nanotube

the upper right hand side corner was lifted up in order to clearl

the orientation and alignment of the carbon nanotubes. Figure 3-2

the enlarged view of the lifted edge. The tubes are straight even
observed at higher magnification (Figure 3-2c).

The space between each nanotube in this sample is less than 15 nm

a high tube density. Most tubes had closed caps. The range of dia
and lengths of nanotubes prepared using the conditions described

experimental section were between 40-80 nm and 10-20 \xm, respect
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(a)

(c)

Figure 3-2 SEM images of (a) as-grown aligned MWNTs on a quartz substrate with a
small area lifted up in the upper right hand side corner for tube examining, scale bar
200 pm, (b) enlarged view of the lifted part in (a) with scale bar of 10 pm and (c) highe
magnification of the tubes in (b) at scale bar 5pm.

In most of cases, nanotubes were comprised of 20-40 concentric carbon
shells as shown by high resolution TEM (HRTEM) (Figure 3-3).
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It was found the tube arrays were sometimes covered by a thin layer of

amorphous carbon (AC) especially with prolonged pyrolysis. The role of
this AC layer will be discussed in details in Chapter 4.

Figure 3-3 HRTEM

of a MWNT

consists ofca. 40 concentric graphite layers.

3.3.2 Formation mechanism

3.3.2.1 Straight carbon nanotubes

As mentioned in Chapter 1, different carbon structures can be formed b
the reaction of gaseous carbon precursors over metal surfaces (8-10).
Carbon nanotubes prepared by pyrolysis of FePc exhibit bamboo-like

structures that consist of many long hollow compartments (Figure 3-4).
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Figure 3-4 TEM image of bamboo-like nanotubes (indicated by black arrows) prepared
by pyrolysis of FePc. Some tubes have iron particles capped on their tips (indicated by
red arrows); pink arrow points to one bent tube which is metal-free (yellow arrow) on
its one end possibly caused by handling; there is also a narrow pipe tube present (green
arrow). Scale bar 50 nm.

The role of hydrogen during nanotube synthesis is to cause the reduction
of iron (II) after FePc decomposing to form iron particles on the surface
(Figure 3-5a). Then Fe particles surrounded by carbon start to segregate
until to the optimal size for carbon nanotube nucleation (11). Mobile
carbon then adsorbs onto the Fe particle and diffuses into the interior of
the particle to extend the carbon nanotube (Figure 3-5b). The continual
release of carbon to the metal-decorated open-carbon cluster, between the
metal and the existing carbon atoms in the shell, leads to continuous
growth of carbon nanotubes in the direction normal to the substrate
surface (Figure 3-5c). The accumulation of carbons at the inside surface of
the catalytic particle occurs by diffusion and condensation to form
gradually a hemi-sphere-like graphene shell during this process. The
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rates for carbon atoms on the lateral surface and on the top of the particle
result in fast growth in the vertical direction. During the growth, more
carbon shells are lifted up from the Fe particle to form a compartment of
bamboo-shaped tubes. Once the strong interaction between iron particle

and the graphite shell is decreased, the next wave of graphite layers starts
to form (Figure 3-5d), and the process repeats until the catalytic activity
the leading particles is neutralized.

Figure 3-5 Schematic representation of successive stages for the formation of bamboolike structure carbon nanotubes (a) an iron particle was nucleated on the substrate; (
carbon atoms from pyrolysis of FePc diffused and depositedfirstat the contact region
between the iron particle and the substrate; (c) formed carbon shell has been raised u
with continuous growth; (d) graphitising of the carbon nanotube was gradually released
along with the growing tubes.
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Metal particles were sometimes observed not only at the end of the tubes

(near the substrate, Figure 3-6a) but also in the middle of the tubes (Fig
3-6b). Presumedly part of the substrate Fe particle was split off by the
force of the growing tube in the early stages. The detached particle was
then moved with the nanotube front (Figure 3-7al). If the interaction

between Fe particle and the substrate is weak (due to surface properties),
Fe particles may be lifted up completely (Figure 3-7a3 and a4). So it

means Fe particles may be present in any location inside the tubes. In mos
cases, Fe particles were encapsulated in the end of the tubes (near the

substrate) (Figure 3-7a2) using the conditions described in the experiment
section.

(a)

(b)

Figure 3-6 SEM images of carbon nanotubes with Fe particles encapsulated in the en
of the tubes (a) and in the middle of tubes (b), as arrow indicated.

These encapsulated iron particles were exposed when lifting the tubes
using stick tape and showed uniform distribution on the quartz plate
(Figure 3-8). The high density of these iron particles on the substrate
provides an advantage for the constituent nanotubes to be uncoiled.
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According to Amelinckx et al (12), tip (carbon diffuse through the metal

from top to bottom) and base growth probably occur simultaneously or in
succession.

Figure 3-7 Possible mechanism for nanotubes containing Fe particles at both bottom
and lifting up (1); (2) shows iron particles rest on the substrate due to a strong
interaction between metal and substrate; weak interaction between metal and substrate
resulted in whole metal particle being lifted up to the middle of the tubes (3); (4) metal
particles were raised to the tips of the tubes.

Figure 3-8 SEM image of the uniform deposited iron particles on the quartz substrate.
This was obtained to remove tubes using sticky tape that resulted in the encapsulated
iron particles still staying on the quartz surface.
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N o matter which model is adopted, the tubule grows away from the
particle by the deposition of carbon in the contact region. It has been
suggested that there may not be a unique growth mechanism for the
production of carbon filaments and nanotubes. Changing parameters, such

as type of hydrocarbon, the catalyst, particle size and temperature, leads
different filaments possessing various morphologies and degrees of
graphitisation.
3.3.2.2 Curved carbon nanotubes
In most cases, carbon nanotubes synthesized in our laboratory were
straight and parallel to each other. However, sometimes the tubules can

adopt various shapes such as helix, spiral or coiled shapes. As Figure 3-9
shows, the top part of aligned carbon nanotubes became coiled. These
tubules were observed randomly possibly due to an unidentified parameter

changing during growth. Efforts to make controllable helix or coiled tubes
were not successful. Figure 3-9b shows that two helical tubes are twinned
tightly possibly due to van der Waals forces. Another planar spiral-shape

tube is shown in Figure 3-9c, with the tip sitting in the centre, the rest
tube was spiralled horizontal around the centre. Figure 3-9d and 9e show
single helix-shaped tubule with two different magnitude pitches.
Amelinckx et al. (12) have discussed in details the growth of these tubes
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terms of locus of active sites around the periphery of the catalytic particle
and growth velocity vectors. In the simplest case, the locus of

(a)

(b)

(c)

(d)

(e)

Figure 3-9 Examples of graphite tubules in other shapes grown by pyrolysis of FePc
(a) two helix tubes jointed together; (b) planar spiral-shaped tube; (c) and (d) single
helix tube with different pitches. Scale bar 200 nmfor a-d; (e) top part coiled of aligned
carbon nanotube, scale bar 5pm.
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active sites is circular and the extrusion velocity is constant, producing a

straight tube propagating at a constant rate (Figure 3-10a). If the catalyt
activity varies around the circle, for instance, the carbon tend to be
deposited on one side of the particle than on other side, this difference

caused the particle to be titled. Therefore, the velocity vectors terminat
a plane which is not parallel with the locus of active sites, the titling
particle may thus lead to change the bending axis of the tubular surface,
thus curved tube is formed (Figure 3-10b and 10c).
t+At
'U-r-U-.

^F!"r5
(a)

(b)

(c)

Figure 3-10 (a) Diagram of the extrusion velocities for a uniformly bent tubule; (b) and
(c) continuing growth in the extrusion of carbon according to (a). The time interval At,
is arbitrarily small (12).

3.3.3 A m o r p h o u s carbon covered carbon nanotube array
O n e difficulty in the catalytic fabrication of multi wall carbon nanotubes at
such a high temperature is to control the rate of pyrolysis of the

CHAPTER 3

71

hydrocarbon feedstock. This can result in the formation of undesirable

layer of amorphous carbon (AC) on the top of the carbon nanotube arra

surface (Figure 3-11). Attempts to prepare freestanding aligned CNT fil

failed as the CNT film itself was too fragile to handle when the quar
removed in 30% HF/H20 solution.

Figure 3-11 SEM image of an aligned carbon nanotube array covered with a thin layer
of amorphous carbon formed in-situ synthesis.

3.3.4 Density of aligned carbon nanotube array
It has been known that the electronic structures of carbon nanotubes
depend strongly on their diameters and chiralities (13-14); thus, pure,
homogeneous, and uniform samples are highly desirable for fundamental

studies and of course for their final applications. Although the dens

distribution is sometimes variable from batch to batch, relatively unif
tube distribution can be obtained within the same batch. The density

1010 tubes/cm2 has been concluded based on intertube distance 10 nm wi
60 nm tube diameter. The advantage of using carbon nanotubes as
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capacitive electrodes is their large surface area confined within a small

geometric area. Ideally, individual tubes are required to be in free contact
with the electrolyte when used as electrochemical electrodes. However, the
strong interaction between densely packed tubes may cause the surface

properties of individual tubes to interact resulting in limited contact with
the electrolyte. As a result, the actual electrochemical response does not

genuinely reflect the high surface area of carbon nanotubes. If tube density
is too high, electrolyte penetration into the pores between the tubes will
occur. This has been confirmed by the capacitances obtained from two
different densities of CNT films using cyclic voltammetry (detail
measurement see Chapter 5). The capacitance obtained from the dense
sample (Figure 3-12a) in 6 mM ferricyanide/0.15 M NaN03 was 7.13
mF/cm , lower than 9.22 mF/cm obtained on less dense nanotube array
(Figure 3-12b). This means the sample (a) has less electroactive surface
area than the sample (b).
When the nanotube density is too low, the tubes will start bending or
falling over resulting in an imperfect alignment (Figure 3-12c). This

implies that there is a limit on the density of these arrays that are needed
for the effective measurement of electrochemical properties. This is
especially important for the formation of the conducting polymer - carbon
nanotube composite which will be discussed in Chapter 6.
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(a)

ml.-*_>*\

m

(b)

(c)

Figure 3-12 SEM images of different densities of aligned CNT arrays prepared by CV
method at scale bar 10 fim. (a) densely packed tubes; (b) less dense tubes than (a),
(c) low density tubes.
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3.3.5 Effect of substrate
The substrate is an important factor in determining alignment. Several

other substrates (nickel, gold, platinum and aluminium) other than quartz
glass were investigated here for the growth of aligned carbon nanotubes.
As discussed in the proposed mechanism in section 3.3.1, the nucleation
process involving the metal particles is considered to be important. One

requirement of the substrate surface is to keep the nucleated particle st
for further catalytic growth. SEM images of nanotubes prepared on (a)

nickel or (b) gold were obtained (Figure 3-13). Although carbon nanotubes

were observed on the nickel substrate, the alignment was not as consisten
as on the quartz plate. Attempts to grow aligned carbon nanotubes on
platinum and aluminium substrate were not successful. Attempts to grow
aligned carbon nanotubes on a gold film, which was sputter coated on

quartz plate were also unsuccessful, as the resulting tubes were not well

aligned (Figure 3-13b). It was also noted that the gold substrate was, in
most cases, not uniformly covered by the nanotubes, and some areas had
no deposition at all. On quartz plates, 100% coverage was obtained.
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Figure 3-13 SEM images of carbon nanotubes formed on nickel substrate (a) low and
(b) high magnification; on gold substrate (c) low and (d) high magnification. An arr
in image (c) indicates a layer of sputter-coated gold on quartz surface.

3.3.6 Effect of carrier gas
When the ratio of Ar/H2 was slightly adjusted to 1:2 compared to 1:1,

nanotubes with a large amount of Fe encapsulated at the bottom end (clo
to the quartz substrate) were obtained. As can be seen in Figure 3-14,
end of the tube was filled with iron nanorods. This may be due to more
(II) reduced in the ratio of 1:2 (Ar/H2). Increasing the ratio of H2/Ar
higher than 2:1 will not help to make nanotubes (Figure 3-15). It was
found that maintaining the Ar/H2 ratio was extremely important for the

CHAPTER 3

(a)

(c)

Figure 3-14 SEM images of iron nanorods encapsulated inside of the aligned carb
nanotubes at scale bar (a) 2 pm; (b) 500 nm; (c) 200 nm, some nanorod can be as long
as 1 pm.

production of aligned carbon nanotubes. This process continued until the

supply of carbon runs out or the metal particle is poisoned by overcoating
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The formation mechanism has been discussed in great detail in section
3.3.2.

Figure 3-15
argon > 2:1.

None of carbon nanotubes has been observed when using hydrogen:

Attempts to open and fill the tubes with various metals have been reported

(15-17). One method involves the treatment of the nanotubes with boiling
HNO3 in the presence of metal salts to fill the opened nanotubes. After
drying and calcination, the transformed metal oxide from the metal salt
was reduced in hydrogen around 400 °C, resulting in metal encapsulated

inside tubes. Metals can also be incorporated into opened tubes directly

(18). In-situ iron nanorod encapsulation has been reported by Rao et al.

using pyrolysis of Fe(CO)5 at 1370 K in a stream of argon (flow rate = 1
ml/min) (19). The yield of carbon-coated nanorods was > 60% calculated
based on the ferrocene carbon source. However, from our SEM images in

Figure 3-13a and b, it can be seen the yield of iron filled tubes was ve
high and they were in most of cases well protected against oxidation by

graphitic layers. The diameter of the tubes is controlled by the diamete
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iron nanorod. Sometimes the length of the nanorod could be greater than 1
um (Figure 3-13c). These iron filled carbon nanotubes could be used for
high-density magnetic recording media (20).

3.4 CONCLUSION
Carbon atoms or fragments produced by the catalytic decomposition of the
precursor need to be extremely mobile on metal surfaces. Hence, carbon
atoms can diffuse rapidly over the metal, driven by a temperature or
concentration gradient. The deposition of "uniform catalyst particles"

plays a vital role in preferential aligned nanotube generation. The diam
and length of nanotubes are controlled by the size of iron catalysts and

amount of carbon source. In addition, the ratio of carrying gas (H2/Ar) is
also an important factor in the fabrication of aligned carbon nanotubes.
Using CVD method illustrated in section 3.2, the aligned nanotubes can
grow homogeneously over the entire quartz glass plate (1x3 cm). The
average diameter and length of nanotubes obtained are 50 nm and 15 um,
respectively.
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CHARACTERIZATION OF ALIGNED CARBON
NANOTUBES
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4.1 INTRODUCTION
The unprecedented electronic and mechanical properties of carbon
nanotubes (1-3) have attracted a great deal of interest. The structural

properties responsible for these characteristics involve atomic arrangemen
(how the sheets of graphite are rolled), diameter, length, and purity of
carbon nanotubes. As discussed in Chapter 3, different preparation
methods give rise to different structures with a variety of different
morphologies of entangled/aligned nanotubes and degrees of graphitisation
(4). Scanning tunnelling microscopy (STM) has been used to locate and
measure the band gap of individual nanotubes (5). The local electronic
structure of carbon nanotubes has been probed by electron-energy-loss

spectroscopy (EELS) (6), as the fine electron probe is compatible with the

dimensions of the nanotubes. Treacy et al. (7) first investigated the elas
modulus of isolated multi-wall nanotubes by transmission electron
microscopy (TEM). Direct measurements of the stiffness and strength of
individual, structurally isolated multi-wall carbon nanotubes have been
carried out using an atomic force microscope (AFM) (8). Characterization
of properties of individual carbon nanotubes requires novel techniques
since the small size prohibits the application of well-established
conventional tools.
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4.1.1 A i m s and approaches

In this chapter, characterization of both individual and aligned carbon
nanotubes has been carried out by a number of techniques. Scanning

electron microscopy (SEM) was used extensively to study bulk yields, tu

diameters and lengths, as well as their alignment. Transmission Electro
Microscopy (TEM) is another powerful technique used to study their
structure. The bending modulus of individual carbon nanotubes from an
aligned array grown by pyrolysis was measured using an in-situ

electromechanical resonance in a TEM. Raman is an efficient tool for th

study of the structure and electronic properties of nanotubes. The alig

carbon nanotubes synthesised by pyrolysis of phthalocyanine (FePC) were
also characterised using X-ray photoelectron spectroscopy (XPS).
Conductivity measurements of an aligned nanotube film were performed
by two-probe and four-probe methods. FTIR was utilized to characterize
the functional groups on the sample.
4.2 EXPERIMENTAL

4.2.1 Reagents
All reagents were AR grade unless otherwise stated. Iron (II)
phthalocyanine (FePc) was purchased from Aldrich. Surfactant Trixo X100 (containing water, sulphated ash, free acid (CH3COOH), and free
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alkali (NH 3 )) were purchased from B D H . All solutions were prepared with

ultra pure, low conductivity water taken from a Millipore Milli-Q Reag
Grade water. All measurements were carried out at room temperature.

4.2.2 Instrumentation
Bending modulus measurements were carried out on a JEOL 100 C TEM
at 100 KV. Raman scattering measurements were performed on a
Renishaw Raman Spectrometer using an excitation wavelength of 613 nm.
XPS analyses were performed on a Kratos Analytical Spectrometer using
monochromatic AlKa radiation at a power of 200 W. Survey scans were

collected from 0 - 1100 eV with passing energy 320 eV. High-resolution

scans were performed with a passing energy of 40 eV. To compensate for

the surface charging effect, all binding energies were referenced to C

neutral carbon peak at 284.50 eV (9). The electrical conductivity of C

film was measured using a standard four-probe and/or two-probe method.

4.2.3 Preparation of TEM samples
A TEM sample was prepared by scratching off a small amount of as-

grown aligned nanotubes, then dispersed in a holey carbon film support
by copper mesh, which was inserted in the TEM specimen holder for

examination. The examined nanotubes had an average length of 10 ^m and
an average diameter of 20 nm.
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A.l A Purification of carbon nanotubes for R a m a n scattering

As mentioned in Chapter 3, amorphous carbons were often observed on the

top surface of as-synthesised carbon nanotube arrays. To carry out Rama

study, a small amount of as-synthesised CNT sample (2 mg) was dispersed

in a solution of 0.5% Trixo X-100 surfactant in ultra pure water (10-15

ml), then sonicated for three 30 mins interval. The homogeneous solutio
was left at room temperature overnight. Some of the dispersed carbon

nanotubes precipitated at the bottom of the beaker after standing, alt
the bulk solution was still black. The top black layer was decanted
carefully (it may contain both amorphous carbon and carbon nanotubes),
an equal amount of ultra pure water was added to the residue, and the
above procedure was repeated 5 times. The resultant residue was heated

an oven at 150° C for 10 mins. Then it was soaked and rinsed with water

few times in order to remove the surfactant. Finally the sample was dri
in an oven at 150° C for 4 hours.

4.2.5 Preparation of CNT/gold film

All of the aligned carbon nanotube arrays obtained were checked by SEM
prior to use. Before removal from the quartz plates, gold was sputter

coated on to the amorphous carbon layer. This provided an aligned carbo
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nanotube array with a thin layer of conducting metal underneath as a
contact point (Figure 4-1).
<
<
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4.3 R E S U L T S A N D D I S C U S S I O N

4.3.1 Structure and properties
As described in Chapter 3, the diameters and lengths of carbon nanotubes
obtained are between 20-50 nm and 15-20 pm, respectively. After

transferring an aligned array from quartz substrate in 30% HF/water

gold substrate, the film still keeps its integrity in an aligned ma
(Figure 4-2).
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Figure 4-2 SEM image of an aligned carbon nanotube array with a gold substrate.
The film still kept its integrity after being transferred from the quartz plate attribut
the densely packed tubes. The length of this sample is about 20 fim.

Iron particles encapsulated inside the tips of the tubes (near the quartz
were obvious (Figure 4-3a). An iron particle has gone missing in one tube
as indicated by an arrow, which has resulted in an opened tube. This was
possibly caused when the nanotube film was lifted off from the quartz

plate, some tips may have a strong interaction with the quartz surface, an
thus they were separated from the film after being turned over. As
mentioned previously, tubes grown by pyrolysis of FePc have bamboo-like

structures. The distinct fringes of the graphite layers forms compartments
inside the tubes as observed in SEM images (as the arrow indicates in
Figure 4-3b). These bamboo-like structures are further confirmed by TEM
(Figure 4-4).

There are mainly two kinds of bamboo-structures. One consists of irregular
hollow compartments (Figure 4-3a), the other shows regular rectangular
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compartments in the hollow part and the tip is capped with a cork-shaped
iron particles (near quartz substrate) (Figure 4-3b).

(a)

(b)

Figure 4-3 SEM images of (a) aligned carbon nanotubes with catalyst iron particles
encapsulated inside of the tube tips (bright part), one tube was open due to the iron
particle capped at its end gone missing, as arrow indicated, (b) bamboo-like structure
viewed by SEM.

Figure 4-4 TEM images of bamboo-like MWNTs (a) irregular compartment separated
by graphite layer, (b) rectangular compartment with a cork-like iron particle capped at
the end. (a) and (b) have the same scale bar of 50 nm.

The formation mechanism of this kind of structures has been illustrated in
Chapter 3. High resolution T E M shows that the aligned carbon nanotubes
prepared by pyrolysis of FePc are multi wall structures (10) (Figure 3-3).
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The interlayer spacing within multi-walled nanotubes was 3.4 A , which is
in a good agreement with reported values and close to the separation
between the (002) planes of graphite.

4.3.2 Nanomechanics of individual nanotubes and nanoscale balance

This work was done in cooperation with the Georgia Institute of
Technology, Atlanta. In-situ TEM has been shown to be an effective tool

for measuring the properties of individual carbon nanotubes (11). From a

structural point of view, carbon nanotubes produced by chemical synthesi

are very different from those produced by arc discharge in that the form

contain a high level of point defects due to the introduction of pentago
and /or heptagons (Figure 4-5) which lead to the tube softening.

To measure the bending modulus of a carbon nanotube, an oscillating
voltage with a tunable frequency is applied to the nanotube so that
resonance can be induced. The bending modulus of nanotubes with point

defects is ~ 30 Gpa, and that of nanotubes with volume defect is 2-3 Gpa

for the pyrolytically grown arrays. This is lower than that of the enta
nanotubes produced by arc discharge (~ 200 Gpa). The natural resonance
frequency of a nanotube depends on the tube outer diameter (D), inner

diameter (D_), the length (L), the density (p), and the bending modulus
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of the nanotube. It is described in Eq. (4.1) that for a tube with uniform
structural and mass distribution, the classical elasticity theory gives
resonance frequency (12):

tf 1 /(D2 + D])Eb

f4n

where Pi = 1.88 and 4.70 for the first and the second harmonics,

respectively; D for diameter, Dj for inner diameter, L for tube length. S
the bending modulus E_ was calculated assuming that the distribution of
point defects is approximately uniform along the nanotube. As shown in

Figure 4-5, there is a neck structure at the middle of its body, but the
no abrupt change at the defect point from the vibration shape of the
nanotube when a constant voltage was applied across the electrodes. The

vibration curve obtained was smooth. Therefore, the softening at the loca
region, due, most probably, to the defects present in the nanotube (13).
To determine the sensitivity of the resonance frequency on beam
illumination and also to determine radiation damage at 100 KV, a carbon
nanotube was set on angle of ~ 40°. Two important facts were observed.
While the nanotube resonance for more than 60 min at 0.72 MHz and at a

vibration was set on resonance for 2.58 x IO9 cycles, its structure was s
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Figure 4-5 A carbon nanotube at (a) the stationary and (b) thefirstresonance mode;
(c) shows the presence of a neck-like volume defect along the body of the nanotube.

intact and no visible change was observed. This clearly showed carbon
nanotubes investigated here exhibit less creeping. The resonance showed

almost no drift during the observation, suggesting its superior structural
stability. Carbon nanotubes, especially in aligned manner, would have
potential application as active electrodes and optimal carbon-fibrereinforced materials. It should be admitted that any mass of a particle

attached at the end of the nanotube could significantly affect the resonan
frequency. Hence, this method could possibly provide the opportunity for
the nanoscale mass detection. Figure 4-6 shows a carbon nanotube that is

attached to the body of another nanotube. The latter is directly affixed t
the substrate. Resonance of the system occurs at 0.56 MHz. A simple
calculation using the effective mass shows that the mass of the attached
nanotube is 23 ~ fg (lfg = IO"15). Theoretical calculation for a straight
graphite tube gives 17 fg. This might be the most sensitive and smallest
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balance, which could be used to measure the mass of chain-structured large
molecules.

Figure 4-6 (a) The stationary and (b) thefirstresonance mode of a carbon nanotube
with another nanotube around its body. This is the principle offemtogram nanobalance
of chain-structured large molecules.

4.3.3 Conductivity of aligned carbon nanotube film

The set up used to measure the conductivity of aligned nanotube arrays vi
the two-probe method is shown in Figure 4-7. The detail for the

preparation of a sample with a layer of gold as substrate has been descr
in the experimental section of this chapter. To achieve contact to the

aligned carbon nanotube array surface, a very thin layer of gold was plac
on top of the surface, and then gently covered by a very thin microscopy
glass slide. The resistivity obtained between the two gold electrodes is
about 0.6 Q (1.6 Scm"1).
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Figure 4-7 Scheme of conductivity measurement on an aligned carbon nanotube array
by the two probe method.

The value obtained using the four probe method was 13 S cm"1,

significantly higher than the figure 1.6 S cm'1 obtained when a two-prob

was utilized. This may be attributed to inefficient electrical contacts.
These figures are, of course, considerably lower than the bundles of
SWNTs (1.0 x IO4 to 2.9 x IO4 S cm"1) (14). This suggests that the
geometric differences (eg. bends, helicity, diameter, etc.) and
graphitisation of the structures play important roles in the electronic
behaviour.
4.3.4 Raman spectroscopy
Most Raman investigations have been carried out using SWNTs (15-19).
Studies on MWNTs are limited due to their complexity. One report
indicated that the Raman spectra obtained for MWNTs closely resembled

that of carbon fibres (20) and graphite (21). The uniformity and electri
properties of SWNTs can be predicted from breathing mode range (RBM)
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Raman

spectra obtained

for M W N T s

are much

more

complicated.
Raman spectra were obtained for raw and purified samples. A peak at 1330
cm"1 (Figure 4-8a, peak 1) was significant in the raw material synthesised
via pyrolysis of FePc compared with that of commercial MWNTs (claimed
90% purity from Aldrich) (figure 4-8b). After purification (refer to

Experimental section) this peak decreased dramatically, as shown in Figur

4-8c. A sharp peak with a shoulder peak is seen at 1582 cm "' (peak 2) and
this corresponds to one of the E2g modes. The splitting of the E2g due to
introduction of curvature into a graphene sheet increases with decreasing
diameter. A broad band is seen at 1334 cm "' (D band), which has been
attributed to the breakdown of translational symmetry produced by the
microcrystalline structure (21). This disordered carbon line, especially
SWNTs is usually assigned to carbon impurities, which are present in bulk
samples (22) even though calculations have shown that SWNTs should
also have a weak contribution in this region. Since the structure of
MWNTs is more complex, it may be possible that both impurities and
MWNTs themselves have adsorption in this area.
Raman band (peak 3) at 2663 cm"1 (G' band) is the overtone of the D band.
The small peaks around 1945 cm"1 and 1750 cm"1 are attributed to
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Figure 4-8 Raman spectra of (a) crude MWNTs
sample; (c) purified.

SOO

1976

sample; (b) commercial MWNT

the residue of surfactant added during the purification since those two

peaks were absent in the raw material. For SWNT, it is predicted that th
radial breathing mode (RBM, near 200 cm"1) depends sensitively on the

diameter of tubes, but not on chirality (23). The Raman measurements are
a convenient method to estimate the size distribution of a SWNT. The
tangential m o d e frequency (G-line near 1580 c m

-i>

) depends weakly on the

diameter and helicity of S W N T tubes (24). Its R a m a n G-line shape
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depends strongly on whether the tube is metallic or semiconducting. It has
been observed that the G-line modes of metallic tubes are broadened and
shift to lower frequency compared to semiconducting SWNTs (25).

However, it is very difficult to prove that metallic or semiconductive f

MWNTs as each concentric tube contains a mixture of three type structure
(Figure 4-9).

Figure 4-9 Schematic description of a multi wall nanotube contains (a) chiral tube, (b)
zigzag tube, (c) armchair tube.

4.3.5 X-ray photoelectron spectroscopy
XPS experiments were performed on as-synthesised carbon nanotubes

(Figure 4-10). The three main peaks are assigned to graphitic C at 284.50
eV along with another two weak signals for N ls (399 eV) and O ls (531
eV). The atomic ratio of O/C = 0.03 implies that a trace of oxygen is

present even at IO"8 to IO"9 Torr. Previous studies have demonstrated tha
is present in aligned MWNTs prepared by pyrolysis of N-containing
molecules (12). Fe used as the catalyst during nanotube growth is often
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observed in the XPS spectra (binding energy 680 eV) even if it is
small.
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Figure 4-10 XPS survey spectrum of an aligned carbon nanotube array. It contains
mainly carbon and then oxygen, nitrogen and trace of iron.

4.3.6 Functionalising aligned carbon nanotubes

Attachment of functional groups to the ends of CNTs or to sidewalls hav
been extensively investigated (26-29). Similarly, oxidation of aligned
carbon nanotube films in acid solution (reflux in 90% nitric acid over

night) can also produce COOH functional groups on the walls as shown in
XPS C ls spectrum (Figure 4-11). The peaks are assigned to C-C species
(284.50 eV), to C-0 species (288 eV) and to C=0 groups (290 eV). No
peaks are observed in these areas for untreated samples (Figure 4-11.

insert). The oxygen increasing from 2.30% to 8.90 % after oxidation and
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insert). The oxygen increasing from 2.30% to 8.90 % after oxidation and
disappearing of Fe also indicate that the carbon nanotubes were
successfully oxidised, as shown in the survey spectrum (Figure 4-12).
Contact angle measurements provided evident proof on treated and
untreated samples. For instance, the surface contact angel (SCA) = 160°,
advanced contact angel (ACA) =165°, receding contact angel (RCA) =
133° were observed in an untreated CNT sample. Nevertheless, It was not

possible to measure contact angles on oxidised CNT film as the water drop
assumed a 0° contact angel.

3000
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I 1500
c
1000
500
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300
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290

285

280

Binding energy (eV)

Figure 4-11 XPS ofCls high resolution spectrum of oxidised aligned MWNTs where
Ci is assigned as C-C species; C2 as C-0 species; C3 as C-O species, and (insert) assynthesized carbon nanotubes with only graphite C-C species.
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for o/n.

4.4

XPS survey spectrum of CNT array oxidised in concentrated nitric acid

CONCLUSION

In this chapter, the study of aligned carbon nanotube structure, morphology
and properties has been carried out by using a number of characterization
methods. SEM images provide the first most useful information for the
study of the alignment as well as diameter and length of tubes. TEM
measurements demonstrate that two types of bamboo-like structures can be

formed from the pyrolysis of FePc. Iron particles responsible for the tube
growth are detected by XPS, which means the tubes contain iron particles.
They, encapsulated inside of the tubes, mostly staying at the bottom of
tubes near quartz side, have also been confirmed by both SEM and TEM.
The low bending modulus of tubes proves that the defects present in not
only on points but also on volumes on some tubes.

CHAPTER 4

100

The Raman splitting tells the impurities exist in the as-synthesised
nanotubes. The most sensitive and smallest balance, which could be used
to measure the mass of chain-structured large molecules, was firstly
demonstrated in this work.
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CHAPTER 5

ELECTROCHEMICAL BEHAVIOR OF ALIGNED
CARBON NANOTUBES
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5.1 INTRODUCTION
The electronic properties of CNTs such as the expected one-dimensional
quantum wires with either semiconducting or metallic behaviours

depending on helicity and diameter of tubes suggest that carbon nanotubes
have the ability to promote electron transfer reactions when used as an
electrode (1-3).
In a radial direction, electrons are confined by the monolayer thickness
the graphene sheet. For carbon nanotubes, they have a structure which is
macroscopic along the fibre axis, but with a circumference of atomic

dimensions. Therefore, the number of allowed electron states in the axial

direction will be large; the number of states in the circumferential dire
will be very limited. Because of this quantum confinement, electrons can
only propagate along the nanotube axis, and so their wavevectors point in
this direction. The resulting number of one-dimensional conduction and
valence depends on the standing waves that are set up around the
circumference of the nanotube. Since the band gap in semiconducting
nanotubes is inversely proportional to the tube diameter, when the
nanotube diameter increases, the band gap approaches zero at large
diameters, just as for a graphene sheet (4).
Furthermore, the chemical robustness, low mass density, low resistivity
and large surface area make carbon nanotubes attractive for use as
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electrodes for electrochemical energy storage devices (5). Oxidation of
dopamine (6) and cytochrome C (7) at entangled carbon nanotube
electrode has previously been studied. The improved catalytic behaviour in
the detection of biomolecules indicates that CNTs are superior to that of
other carbon electrodes.
The fundamental properties of the electrical double layer of high surface
area carbon and graphite electrodes have been discussed previously (8).
The key factors determining both high power density and high energy
density for the development of supercapacitors are the resistivity of the

electrode materials and the resistivity of the electrolyte within the porous
structure of the electrode. It was found that relatively slow charging
processes in carbon and graphite electrodes (9-10) resulted in much lower
double-layer capacitance than those observed with the compact layer of
metallic electrodes. Carbon nanotubes have demonstrated a high electrical
conductivity (8.3 x 103 to 2.0 x 105 S cm'1) (11) due to their specific
structure. Large electrochemical capacities (104 F/g) based on entangled
multi-wall carbon nanotube electrode have been reported (12).
Synthesis of carbon nanotubes by catalytic decomposition of
hydrocarbons, particularly the availability of aligned carbon nanotubes has
accelerated studies into the application of these materials in the area of
electrochemistry. The electrochemical properties of SWNT sheets in a
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range of aqueous electrolytes and non-aqueous environments (13-14) have
suggested that the preparation conditions of electrodes must be well

controlled in order to maximise the electrode performance. Impurities th
aggregate on the surface reduce the active surface area and affect

capacitance. The purer aligned carbon nanotube electrodes have been less
studied and are expected to have some specific properties.

5.1.1 Aims and methods
In this chapter, the aligned carbon nanotube arrays have been used as
working electrodes to investigate their electrochemical properties in

several electrolytes and in the presence of some biomolecules. The use o
three-dimensional structures of aligned carbon nanotubes should provide

advantages in their electrochemical behaviour in terms of the surface ar
Cyclic voltammetry was employed for characterization of all
electrochemical responses.

5.2 EXPERIMENTAL

5.2.1 Materials
Potassium ferricyanide (AR) was purchased from BDH. Hydroquinone,
catechol, hydrofluoric acid/water solution (30%, w/w), dopamine and
epinephrine were obtained from Aldrich and used without purification.
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0.10 M (pH 7.45) phosphorous buffer solution (PBS) was prepared from
Na2HP04 (BDH) and NaH2P04 (Ajax Chemical, Australia). All other

chemicals were AR grade. All solutions were prepared with ultra pure, low
conductivity water taken from a Millipore Milli-Q Reagent Grade Water
System and not deoxygenated unless otherwise indicated. All
measurements were carried out at room temperature.

5.2.2 Apparatus

Cyclic voltammograms were recorded using Maclab connected to a
Macintosh interface. A one-compartment cell was employed for
electrochemical measurements as indicated in Chapter 2. The threeelectrode system consisted of (i) a CNT working electrode (0.09 cm2,
geometric area) with a layer of gold as a conducting support or a glassy
carbon electrode (GC, geometric area 0.20 cm2). The latter was polished
with 0.05 ]a,m aluminium powder slurry in ultra pure water on felt pads,

and then rinsed thoroughly with ultra pure water after each polishing st
(ii) An Ag/AgCl (3M KC1) reference electrode; (iii) A platinum foil (1
cm2) counter electrode. All measurements were made at room temperature.
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5.2.3 Preparation of aligned carbon nanotube array electrodes

A piece of aligned carbon nanotube film, consisting of individual
nanotubes with an average diameter of 50 nm and average length of 15 p.m
on a quartz glass substrate was prepared by pyrolyzing iron (II)
phthalocyanine, FeC32N8H6 (FePc), under Ar/H2 at 800-1100°C as

described in Chapter 3. All of the aligned carbon nanotube arrays obtain
were checked by SEM prior to use. Before removal from the quartz plates,

gold was sputter coated on to the amorphous carbon layer (see Chapter 3).
This provided an aligned carbon nanotube electrode with a thin layer of
conducting metal underneath as a contact point.

5.2.4 Capacitance
Before any measurements were made, each sample was cycled in 1 M
H2S04 for 10 cycles between ± 0.40 V at 50 mV/s to wet the sample.

Afterwards, they were soaked in MilliQ for 2h, and then rinsed completely
with fresh MilliQ water again.
The capacitance of the aligned nanotube arrays was determined by cyclic
voltammetry in various supporting electrolytes. Capacitance values were

obtained by varying the scan rate and plotting charging current versus s
rate (Figure 5-1). The slope of i vs scan rate was determined and
capacitance calculated according to:
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Capacitance = slope/2 ( m A = m F )
Surface area = width x length (cm2)
Therefore capacitance = 1/ surface area x capacitance (mF) = mF/cm2

Figure 5-1 Cyclic voltammetric illustrating of capacitance measurement: Plot of nonfaradic responses versus scan rate at 10, 20, and 25 mV/s respectively.

5.3 RESULTS AND DISCUSSION
Cyclic voltammograms were recorded in 1 M sodium nitrate (NaN03) and
1 M sodium chloride (NaCl) at the same aligned carbon nanotube array

electrode (Figure 5-2). The curves were reproducible in each solution af

the first potential cycle. Apart from the increased background current (
to the increased surface charging), the cyclic voltammograms obtained in
M NaCl (Figure 5-2a) was similar to those observed in 1 M NaN03 over
the range between -0.80 V to +0.80 V (Figure 5-2b). A reduction response
at around -0.04 V (marked A') was observed in each electrolyte and is
attributed to the reduction of oxygen. This reduction peak disappeared
after removal of oxygen by bubbling N2 through the solution for 30 min

(Figure 5-2c). Carbon nanotube electrode itself has no redox responses in
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Figure 5-2 Cyclic voltammograms of an aligned CNT film (0.09 cm2) recorded in (a) 1
M NaCl; (b) 1 M NaN03; (c) deoxygenated 1 M NaCl obtained by bubbling of N2
through it at scan rate of 50 mV/s. Ptfoil (1 cm2) was used as a counter electrode.
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1 M NaCl over ± 0.80 V. W h e n the sample was recorded in 1 M H 2 S 0 4

over the range - 0.40 V and +0.40 V, the curves obtained overlapped very

well after 3 cycles and did not show any characteristic peaks (Figure 5
It has been observed that hydrogen will be generated if the applied
negative potential is below -0.40 V.
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Figure 5-3 Cyclic voltammogram of an aligned CTN array scanned 3 cycles in 1 M
H2SO4 at 50 mV/s. Pt was used as a counter electrode.

5.3.1 Capacitance
Capacitances were determined in several electrolytes (Table 5.1).
Table 5-1 Capacitance measurements of an aligned carbon nanotube array electrode
in different electrolytes.

Solution

Capacitance (mF/cm vs F/g)

0.15MNaNO3

4.2/21.2

1 M H2SO4

6.8/34.1

1 M NaCl

6.4 / 32.2

geometric surface area
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All measurements were carried out on the same sample. The capacitance
value of 32.2 F/g obtained for the aligned carbon nanotube array in 1 M
NaCl is similar to that obtained for unannealed SWNTs mat (20 - 40 F/g)
(13). The density impact on the capacitance value obtained has been
discussed in Chapter 3. The capacitance obtained from the dense sample
(Figure 3-1 la) in 6 mM ferricyanide/0.15 M NaN03 was 7.13 mF/cm2,
lower than 9.22 mF/cm obtained on less dense nanotube array (Figure 3-

11b). This indicates that certain density of CNT array is required in ord

to achieve higher capacitance. It is known very well that the double laye
capacitance on a clean graphite surface is approximately 20 uF/cm2 (15).

In principle, the higher the specific surface area, the higher the specif

capacitance. In fact, the situation is more complicated since in some cas

some carbons with a smaller surface area give a larger specific capacitan

than those with a larger surface area (5). High surface areas obtained u

BET do not necessarily translate into increase on electrochemically acti
surface area. Only those structures that allow ions to migrate into the
are capable of supporting an electrical double layer (16).
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5.3.2 Studies using different redox systems

5.3.2.1 [Fe(CN)64"l/ [Fe(CN)63-]

Ferricaynide is a well-known and characterised redox probe. In this stud

ferricyanide was employed to characterize the aligned multi wall carbon
nanotube array electrode. The effect of Fe (CN)64" concentration on peak
current was investigated over the range of 1-24 mM. The linear range

obtained was between 1-10 mM (Figure 5-4), so 6 mM was selected for the
study of the effect of scan rate on peak current.
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Figure 5-4 Plot of peak currents observed from the cyclic voltammograms using
different concentrations offerrycianide containing 0.15 MNaNO_with
a scan rate of 25
mV/s. Ag/AgCl was used as a reference electrode and Pt foil as a counter electrode
respectively.

As shown in Figure 5-5b, cyclic voltammograms of an aligned CNT array

(geometric surface area = 0.09 cm ) in 6 mM ferricyanide containing 0.1
M NaN03 displayed a reversible electrochemical response and the peak
current was greater than that observed at a glassy carbon electrode
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(geometric surface area = 0.20 c m 2 ) (Figure 5-5a). T h e m u c h higher
current densities observed for the CNT array (1.07 mA/cm2) compared to
the glassy carbon electrode (0.08 mA/cm2) are presumably due to the
greater electroactive area available along the tubes. The peak current

increased linearly with the square root of scan rate (Figure 5-6), a ty
of diffusion controlled Faradaic reactions.
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Figure 5-5 Cyclic voltammogramms of 6 mM ferricyanide solution containing 0.15
NaNC>3 at (a) GC electrode (0.20 cm2) and (b) carbon nanotube array electrode (0.09
cm2) at scan rate 25 mV/s (1), 50 mV/s (2), 80 mV/s (3) and 100 mV/s (4), respectively.
Ptfoil (1 cm2) was used as a counter electrode.
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Figure 5-6 Plot of peak current versus square root of scan rate at both aligned CNT
electrode (o) and GC electrode (*) in 6 mM [Fe(CN)6]4' containing 0.15 M NaN03
Ag/AgCl was used as a reference electrode, Pt as a counter electrode.
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5.3.2.2 Catechol
Oxidation of catechol to 1,2-benzoquinone (Equation 5.1) has been

observed previously at carbon electrodes (17). The study at aligned carb
nanotube electrode is presented here. A linear relationship between
concentration and peak current was obtained over the range 0-10 mM
(Figure 5-7). So 6 mM catechol containing 0.15 M NaN03 was selected to
study how the peak current depends on the scan rate at aligned CNT array
and GC electrodes. The peak current increased linearly with square root
(SR) of scan rate demonstrates that this oxidation process is diffusion
controlled (Figure 5-8).

2H,0
2H30

+

2e

(5.1)

The oxidation potential for the catechol was shifted negatively by about
0.13 V from 0.65 V on GC to 0.52 V on CNT indicating that the oxidation
on the CNT electrode required lower energy. An additional pair of weak
redox responses was also observed at the CNT electrode and a
corresponding reduction peak on GC. These are attributed to the presence
of trace oxygen in the electrolyte as discussed early (see Chapter 3).
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Figure 5-7 The plot of peak currents observed from the cyclic voltammograms using
different concentrations of catechol containing 0.15 M NaN03. Scan rate of 25 m
with Ptfoil as a counter electrode andAg/AgCl as a reference electrode.
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Figure 5-8 Cyclic voltammograms of 6 mM catechol in 0.15 M NaN03 recorded on (a)
GC electrode and (b) CNT electrode at scan rate of (1) 25 mV/s; (2) 50 mV/s; (3)
mV/s and (4) 100 mV/s with Ptfoil (lcm )as a counter electrode.
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Figure 5-9 Plot of peak current versus square root of scan rate at both aligned CNT
electrode (o) and GC electrode (m) in 6 mM catechol containing 0.15 M NaN03. Ptfo
(1 cm ) was used as a counter electrode andAg/AgCl was used as a reference electrode

5.3.2.3 Hydroquinone
Again 6 mM was selected from the plot of hydroquinone (HQ)

concentration against peak current shown in Figure 5-10, where the curre

increased linearly at concentration below 12 mM. It has been observed th
cyclic voltammograms of 6 mM HQ solution (Figure 5-10a) were similar

to that obtained in 6 mM catechol on the same GC electrode (Figure 5-8a).
Two reversible processes occurred at the carbon nanotube electrode is

shown in Figure 5-1 lb. A weak redox response at ca. ± 0 V is attributed

the presence of oxygen in the electrolyte as discussed early. However th

ratio of /pa (Strong) • -Pa (weak) obtained on the CNT electrode in hydro

is less than that in catechol. The oxidation potential of hydroquinone a
CNT electrode is 0.53 V, lower than that observed at GC electrode (0.63
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V). Neutral catechols (H 2 Cat) and hydroquinones ( H Q ) are m u c h more

resistant to electron removal because of their release of a proton via th
solvent matrix (Equation 5.2).
OH

OH

-|

+

H20

"TV.

H30

H.O
OH

(5.2)

H30

OH

The less positive oxidation potential required for oxidation hydroquinone

on CNT electrode means that the electron removal is much easier than tha
on GC electrode.

The similar linear relationship between SQ of scan rate and peak current
hydroquinone was obtained on both electrodes (Figure 5-12).
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Figure 5-10 Plot of peak currents observed from the cyclic voltammograms using
different concentrations ofHQ (vs Ag/AgCl). Scan rate 25 mV/s with ptfoil as a c
electrode.
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Figure 5-11 Cyclic voltammograms of 6 mM HQ at different scan rate of (1) 25 mV/s;
(2) 50 mV/s; (3) 80 mV/s and 100 mV/s on (a) GC and (b) CNT electrode with ptfoil (
cm ) as a counter electrode.
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Figure 5-12 Plot of peak current versus square root of scan rate at both aligned CNT
electrode (o) and GC electrode (u) in 6 mM HQ containing 0.15 M NaN(?3. Ag/AgCl
was used as a reference electrode and Pt as a counter electrode.
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Dopamine

Dopamine is one of catecholamine-type neurotransmitters and is released

by the presynaptic neuron across the synaptic cleft. It undergoes a red

process according to Equation 5.3. Britto (5) has reported that oxidati
dopamine on an entangled CNT electrode. The electrode was prepared by

mixing CNTs with either bromoform or mineral oil, and packing this into

glass capillary tube. The cyclic voltametric curve of dopamine in PBS (

7.45) at this electrode reveals a characteristic redox response (£pa= 0

£pc = 0.19 V) over the range -0.20 V to 0.80 V. However, the binder ofte
brings impurities into the electrode and degrades the electrochemical
performance (18). Oxidation of dopamine on the aligned carbon nanotube
electrodes was investigated here.

+

NH,
HO
dopamine

A/

2e + 2H*

(5.3)

NH,

dopamin ortho-quinone

The effect of dopamine concentration on peak current was investigated

over the range of 0.05 mM to 0.5 mM (Figure 5-13). A linear relationshi
was obtained in the all range measured (up to 0.5 mM). In order to
compare the results with that obtained on SWNT/GC electrode (19)
prepared by dropping a solution of SWNT (10 pi, 0.10 mg/ml) in DMF on
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the G C electrode surface, 0.10 m M dopamine was used. Electrooxidation
of 0.10 M dopamine in 0.10 M PBS (pH 7.45) at an aligned CNT electrode
(pre-treated with 1 M H2S04 for 5 cycles to wet the surface) showed

reversible behaviour with an oxidation peak at 0.20 V and a reduction peak
at 0.17 V (Figure 5-14b). The peak-to-peak potential difference of 0.03 V
suggests that dopamine undergoes a two-electron oxidation as reported by
Britto (5). The two-electron oxidation of dopamine is highly reversible
suggesting that intramolecular cyclization of dopaminequinone is absent
(20-21). There is another reduction response at -0.25 V with a very weak
anodic peak at around -0.23 V. A small response was also observed on the

GC electrode in this area (Figure 5-14a). It is mostly due to the oxidatio
of amine group of dopamine. As there was no such a peak observed when
the CNT was scanned in PBS only (Figure 5-15). The anodic peak current
around 0.20 V at GC (0.2 cm ) electrode was 5 times smaller in magnitude
than that at treated CNT electrode in the presence of dopamine. The
enhanced redox current responses were attributed to the largely increased

electroactive surface area. The peak current increased linearly with squa
root (SR) of scan rate demonstrates that this oxidation process is also
diffusion controlled (Figure 5-16).
The low sensitivity of the dopamine response observed on previously
reported carbon electrode surfaces limits the use of electrochemical
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Figure 5-13 Plot of peak currents observed from the cyclic voltammograms using
different concentrations of dopamine in pH 7.45 PBS. Scan rate 25 mV/s (vs Ag/AgC
Ptfoil (1 cm ) was as a counter electrode.
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Figure 5-14 Cyclic voltammograms of 0.10 mM dopamine in pH 7.45 PBS at (a) G
2
electrode (0.20 cm2) and (b) H2S0
SO.
4 treated CNT electrode (0.09 cm ). Scan rate 50
with Ptfoil as a counter electrode.
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0.0
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Figure 5-15 Cyclic voltammogram of a H_S04 CNT electrode in pH 7.45 PBS only.
Scan rate 50 mV/s with Ptfoil (1 cm2) as a counter electrode.
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for in vivo and in vitro measurements (22-25). T h e highly reversible
anodic and cathodic peak potentials and the larger current value for
dopamine on aligned carbon nanotube electrode showed promising results
and can be used for detection of biomolecules such as dopamine.
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Figure 5-16 (A) Cyclic voltammograms of 0.10 mM dopamine in PBS (pH 7.45) at the
H2S04 treated CNT electrode. Scan rate (1) 25 mV/s, (2) 50 mV/s and (3) 100 mV/s. (B)
Plot of peak current obtained in (A) versus square root of scan rate. Ptfoil (lcm ) wa
used as a counter electrode. The CNT electrode used here is different batch from th
one in Figure 5-14.

5.3.2.5 Epinephrine
Epinephrine [3,4-dihydroxy-a-(methylaminomethyl)benzyl alcohol] is
released by the adrenal medulla upon activation of preganglionic

sympathetic nerves innervating this tissue. This activation occurs during
times of stress (eg. exercise, heart failure, and pain). At times of high
sympathetic nerve activation, the amount of norepinephrine entering the
blood increases dramatically.

CHAPTER 5

125

HO

-b~c
V

'
epinephrine

2H30

(5.4,

OH

Epinephrine undergoes a broad irreversible oxidation occurring at +0.24 V
on a G C electrode (Figure 5-17a). This peak shifted negatively to +0.17 V
when the aligned C N T electrode was used (Figure 5-17b) and current
observed increased by a factor of 4. The anodic peak at around -0.17 V
increased when a carbon nanotube array electrode was pre-scanned in I M
H 2 S 0 4 for 5 cycles prior to measurement (Figure 5-17c). This redox is
assigned to the oxidation/reduction of benzyl alcohol.
20100-
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-10•20-

O

-30-40-50-60-
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Figure 5-17 Cyclic voltammograms at GC electrode (a), and CNT electrode before (
and after (c) 5 cycles in 1 M H2SO4 in 0.10 mM epinephrine at scan rate 50 mV/s. Pt (1
cm ) was used as a counter electrode.

The reduction current response (ca. -0.20 V) remained unchanged for the
electrodes with and without acid treatment. The cyclic voltammogram
obtained using the aligned CNT electrode was different from that on
S W N T electrode on the G C substrate (19). There was no oxidation
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observed at around - 0.20 V, only a small reduction peak was observed.
The SEM image reported shows SWNTs were not uniformly coated on the
GC surface.

The plot of peak current vs epinephrine concentration obtained from cyclic
voltammogram (Figure 5-18) has a linear relationship up to 1 mM. The
peak current increased linearly with square root (SR) of scan rate

demonstrates that this oxidation process is diffusion controlled (Figure 5
19).
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Figure 5-18 Plot of peak currents observed from the cyclic voltammograms using
different concentrations of epinephrine in pH 7.45 PBS. Scan rate 25 mV/s with
Ag/AgCl as a reference electrode and Ptfoil as a counter electrode, respectively.
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Figure 5-19 (A) Cyclic voltammograms of 0.10 mM epinephrine in PBS (pH 7.45) at
the H2S04 treated CNT electrode. Scan rate of (1) 25 mV/s, (2) 50 mV/s and (3) 100
mV/s. (B) Plot of peak current obtained in (A) versus square root of scan rate. Ptfoil (1
cm2) was used as a counter electrode.

5.3.2.6 Determination of electroactive surface area
The electroactive surface area was calculated according to the RandlesSevcik equation: ip= 2.69 x 105n3/2AD1/2Cv1/2. then
A = Ip/2.69xl05x n3/2xD1/2xv1/2 xC
Where:
A = electroactive surface area (cm )
L = peak current (A)
n=l
D = 4.34 x IO"6 (cm2/s)
V = scan rate (V/s)
C = concentration (mol/ml)
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The electroactive surface area of the aligned carbon nanotube array
electrode using the three different electrolytes was calculated (Table 5.2).

Table 5.2 Electroactive surface areas obtained on both GC and CNT elec
peak current was recorded at scan rate 50 mV/s. Each probe electrolyte conce
was 6mM.
G C (0.20 cm2)*

C N T (0.09 cm2")*

6 m M Ferricyanide

0.21 cm 2

0.15 cm 2

6 m M Hydroquinone

0.20 cm 2

0.20 cm 2

6 m M Catechol

0.25 cm 2

0.30 cm 2

6 m M dopamine

0.22 cm 2

0.68 cm 2

* indicates geometric surface area
The figures are only available for the electrodes that have shown the
reversible redox signals in their cyclic voltammograms curves. As can be
seen in Table 5-2 that the electroactive surface areas at the CNT arrays
obtained in the three electrolytes are slightly different which maybe due to
variable tube density used, although the three CNT samples were from the
same batch. All values at CNT electrode shown in Table 5.2 are higher
than their geometric surface area, but much less than the one (131 cm )
calculated theoretically (use diameter of 50 nm and length of 15 /mi at a 10
nm gap). This possibly is because of the existing Van der waals force
between the tubes that reduces contact with the electrolyte solution. It is
understood that not every individual tube was exposed to the electrolyte
due to either hydrophobic properties of the tubes caused by their intertube
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action or high dense sample used, as described previously. But G C

electrode has a flat surface area, so the electroactive surface area obtai

at GC electrode in different electrolyte are quite constant and similar to
geometric surface area.

5.4 CONCLUSION
The highly accessible surface area, chemical stability, conductive
properties make CNT electrodes attractive for use as supercapacitors. The
high surface area of the carbon nanotubes have shown increased redox
signals comparing on the glassy carbon electrode (0.20 cm") at the even
smaller geometric area (0.09 cm ). The electrooxidation of biomolecules
at aligned carbon nanotube electrodes may pave the way for the use of
carbon nanotube electrodes as biosensors. They may also provide excellent
templates for synthesis of aligned conducting polymer sheathed carbon
nanotube composites (see Chapter 7).
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CHAPTER 6

ELECTROCHEMICAL SYNTHESIS AND
CHARACTERIZATION OF ALIGNED COAXIAL

NANOWIRES OF CARBON NANOTUBES SHEATHED
WITH CONDUCTING POLYMERS
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6.1 INTRODUCTION
The use of conducting polymers (CPs) in electronic devices is not

currently a reality because charge carrier mobility is too low. To improv

carrier mobility, investigations have focused on developing materials wit

a well-defined microstructure that is controllable at the nanometer level
d-3).
The formation of carbon nanotube polymer composites has been of

interest in order to introduce useful mechanical properties (4-7), but als

to provide novel electronic properties due to synergistic effects arising
from the two types of materials. The high surface area coupled with the
small dimensions of conductive carbon nanotubes has been shown to be

useful for electrochemical devices (8) and optoelectronic nanodevices (9-

11). In the latter application, orientation of the CNTs has a significant
impact on the performance of these devices (12-13). Reports describing
coating of metals (14) and organic conductive polymers (4) onto the
surface of carbon nanotubes to produce one-dimensional nanoscale
composites have appeared. Such composites have potential applications in
batteries (15), photovoltaic devices (11) and supercapacitors (16).
However, the uniform dispersion of CNTs within the polymer matrix as

well as improved nanotube/matrix wetting and adhesion are critical issues

in the processing of these nanocomposites. Almost all reported studies on
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the composites to date are based on entangled carbon nanotubes (17-18).
The tangling of the carbon nanotubes reduces the aspect ratio
/diameter) of the nanotube structure.

In this section of the work, the synthesis of conducting polyme

carbon nanotubes composites consisting of coaxial nanowires co

a concentric layer of a conducting polymer has been investigate
6.1.1 Aims and approach of this chapter

The objective of this chapter is to demonstrate that a layer o

or polyaniline can be electrochemically deposited onto individ
using either potentiostatic or potentiodynamic techniques. The

properties of the polyaniline coated on to CNTs were determine

Scanning Tunnelling Microscopy (STM). FTIR and XPS were also us
to characterise the novel nanocomposite.
6.2 EXPERIMENTAL

6.2.1 Materials

Pyrrole was obtained from Aldrich. Aniline was purchased from P

and both were purified prior to use. All other reagents were A

unless otherwise stated. All solutions were prepared using dei

MilliQ water (18 MQ cm"1). Buffer solution was prepared from Na2H
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( B D H ) and N a H 2 P 0 4 (Ajax Chemical, Australia). All experiments were
carried out at room temperature in an ambient environment.
6.2.2 Apparatus

Conducting polymer-carbon nanotube coaxial nanowires were prepared
either potentiostatically or potentiodynamically using an AMEL
Potentiostat/Galvanostat interfaced to a computer by an ADInstruments
MacLab/4e. A three-electrode system in a one-compartment cell was

employed for all electrochemical measurements. It consisted of a piece

aligned carbon nanotube film (0.09 cm , unless otherwise indicated), or
glassy carbon (GC) (0.20 cm2) as a working electrode, a platinum foil
auxiliary electrode and a Ag/AgCl (3 M KC1) as reference electrode.
TEM images were acquired using a JEOL 100C microscope at 100 KV.
Raman scattering measurements were performed on a Renishaw Raman
spectrometer using an excitation wavelength of 613 nm. XPS analyses
were performed on a Kratos Spectrometer using monochromatic AlKa
radiation at a power of 200 W. XPS survey scans were recorded from 01100 eV with a pass energy of 320 eV. High-resolution scans were
performed with a pass energy of 40 eV. To compensate for surface

charging effects, all binding energies were referenced to the C ls neu
carbon peak at 284.50 eV. FTIR spectra were acquired using a Perkin
Elmer 2000 Spectrometer. Conductivity was measured using a four-point
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probe. S E M images were obtained using a Philips XL-30 F E G S E M unit
at 5 K V . Scanning tunnelling microscopy ( S T M ) measurements were
obtained using a Digital Instruments Nanoscope Ilia operated at room
temperature in ambient conditions. S T M topographic images of the
nanostructure were obtained by recording the tip (Pt-Ir) height at constant
current. Typical bias parameters were 330 p A tunnel current and 50 m V
bias voltage. Scanning tunnelling spectroscopy (STS) measurements were
performed by interrupting the lateral scanning as well as the feedback
loop and measuring the current, I, as a function of tip-sample voltage (V),
at a fixed tip-sample distance.
6.2.3 Preparation of polypyrrole and polyaniline aligned carbon
nanotube composites

The preparation of the aligned carbon nanotube working electrode was
presented in detail in Chapter 5. The scheme of formation of aligned
carbon nanotube-conducting polymer coaxial nanowires is shown in
Figure 6-1. Electropolymerization of pyrrole or aniline was performed
using either a potentiodynamic or a potentiostatic technique. The
deposition of pyrrole on an aligned carbon nanotube array electrode was
achieved using an aqueous solution containing 0.10 M pyrrole and 0.10 M
NaC10 4 . For potentiostatic growth, an applied potential of 1 V was
applied for 1 min. For potentiodynamic growth, 3 cycles were scanned at
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a scan rate of 50 mV/s over the range -0.40 V to 1.00 V (details in

section 6.3.1.1). Polyaniline-carbon nanotube (CNT/PANi) composites
were prepared using 0.10 M aniline containing 0.20 M H2S04. For

potentiostatic growth, a constant potential of 0.70 V was applied f

min. For potentiosdynamic growth, a scan rate of 25 mV/s was employ

for 3 cycles over the range -0.30 V to 1.7 V (see section 6.3.2.1).

Amorphous carbon
. , .
c
Electrodepositjon of
, i conducting polymer
cl

| ||

A layer of sputter coated gold
'

CNTs

Polymer coated CNTs
^_ A thin layer of amorphous carbon
A layer of coated gold

Figure 6-1 Schematic illustrating electrodeposition of conducting polymer onto
individual aligned carbon nanotubes.

6.3 R E S U L T S A N D D I S C U S S I O N

6.3.1 Polypyrrole coated aligned carbon nanotubes

6.3.1.1 Synthesis

It was established that very smooth coatings of conducting polymer

be formed on aligned carbon nanotubes using either potentiodynamic
potentiostatic polymerization according to:
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\ /

Oxidise ^ r \ N ^ X

(61)

The counterion (A) is incorporated from the supporting electrolyte used
during synthesis, n is typically 3-4, and m determines the molecular
weight.

6.3.1.1.1 Potentiodynamic technique
Cyclic voltammograms obtained during electropolymerization of 0.10 M
pyrrole in 0.10 M NaC104 (aq) on an aligned CNT array electrode are

shown in Figure 6-2. An irreversible single oxidation peak attributed t
the polymerization of the pyrrole moiety was observed at approximately
0.8 V (Figure 6-2a). The magnitude of this oxidation response decreased
on the second cycle. This may indicate that the conductivity of the

polypyrrole formed on the carbon nanotube surface is less than the bare

CNT and/or that depletion of the reactant monomer occurs during the fir
cycle (19). When a glassy carbon electrode (0.20 cm2) was used as a

working electrode, the responses observed were much lower than those on
the CNT electrode (Figure 6-2b). With glassy carbon the magnitude
increases with subsequent cycles, as shown in Figure 6-2b.
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Figure 6-2 Electrochemical oxidation of 0.10 M pyrrole in 0.10 M NaCl04 on (a) an
aligned carbon nanotube array (0.09 cm2); (b) GC electrode (0.20 cm2) at scan rat
25 mV/s. Ptfoil (1 cm2) was used as a counter electrode.

It is well known that polypyrrole (PPy) deposits onto traditional
electrodes with a globular, cauliflower-like surface morphology.
However, it was observed here that the PPy formed on the aligned carbon
nanotube electrodes was quite smooth. One of the reasons is probably due
to the ultra thin layer of PPy coated on aligned carbon nanotubes (< 100
nm).
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Scanning electron microscopy ( S E M ) images of an aligned nanotube
array before and after a polymer coating were obtained (Figure 6-3).
Larger diameter tubes were observed due to the presence of the

polypyrrole that was deposited (Figure 6-3b). At high magnification this
additional layer is clearly observed (Figure 6-3c).

(a)

(b)

(c)

Figure 6-3 SEM images of (a) an aligned nanotube array after transferring onto a
gold foil (a small piece of the as-synthesized aligned-nanoutbefilmis included at the
bottom-left corner to show the amorphous carbon layer as well); (b) polypyrrolecarbon nanotube coaxial nanowires produced by cyclic voltammetry on the aligned
carbon nanotube array electrode in an aqueous solution of NaCl04 (0.10 M)
containing pyrrole (0.10 M), scale bar 10 \im; (c) as for (b) but at a higher
magnification. The thickness of the coated polymer was measured using a single
PPY/CNT coaxial tube with tip exposed, insert picture. Due to technical difficulty
and (b) images were taken at different parts of the sample.
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The C N T s were uniformly coated and the thickness of the polymer was

ca. 50 nm (see insert Figure 6-3c). This indicates that the internal surfa
area of the aligned carbon nanotube array was highly accessible allowing
the monomer to migrate into the pores between the tubes. It was found
that if more than three potential cycles were used during
electropolymerization, a layer of polypyrrole precipitates on top of the
CNT surface. It should be pointed out that the tube density plays an

important role in determining the nature of the polymer deposits, (detail
discussion can be found in section of (6.3.1.3.1).

6.3.1.1.2 Potentiostatic technique
In addition to the potentiodynamic method for producing the double
layered conducting polymer/nanotube composite, the polymer synthesis
was accomplished more readily by application of constant potential. The
chronoamperograms obtained during polymer growth (Figure 6-4)
consisted of a sharp spike at the beginning due to charging current. This
rapidly decreased and a small rising transient (indicative of conducting
polymer deposition) was observed. The slow drop off in current at longer
times is indicative of monomer depletion. The morphology of the coaxial
nanowires of CNT-PPy (Figure 6-5) is similar to those obtained using
cyclic voltammetry.

CHAPTER 6

143

3.5-

I'""-

3.0-

\

I ""
|

20-

|

15-

%

IOCS0.0-050

10

20

30

40

50

80

70

Tirre(s)

Figure 6-4 The growth of polypyrrole on an aligned carbon nanotube array electrode
(0.09 cm2) in 0.10 Mpyrrole containing 0.10 MNaCl04 at 1 Vfor 1 min. Ag/AgCl and
Ptfoilfl cm ) were used as reference and counter electrodes, respectively.

Figure 6-5 SEM image of polypyrrole coated CNTs formed in 0.10 M pyrrole
containing 0.10 M NaClC>4 at an applied potential of 1 V for 1 min. The individual
tubes were smooth wrapped by the polymer. Scale bar 10 pm.

A uniform tube distribution is required for ICP formation on the
individual tubes with the interspace larger than 100 nm. Figure 6-6a
shows a decreased amount of ICP deposited at the air-electrolyte
interface on a nanotube array electrode that was partially immersed into
the electrolyte solution. A very thin conducting polymer layer was
observed near the interfacial region. The observed partial polymer
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probably due to less contact of nanotubes with m o n o m e r solution (only
tips were wet) which resulted in relatively inefficient charge transfer in

the interfacial region to facilitate the electrodeposition of the conducting
polymer layer on the entire walls of the nanotube array. Figure 6-6b
shows a full encapsulation of individual nanotubes immersed in the
electrolyte solution. Under certain conditions, which depend on the

Figure 6-6 SEM images taken from an aligned nanotube array electrode, which was
partially immersed in an aqueous solution of 0.10 M NaCl04 containing pyrrole (0.10
M) and scanned for three cycles between -0.60 V to 0.60 V at a scan rate of 25 mV/s.
The images were taken at (a) the air/electrolyte solution interface, (b) immersed in the
electrolyte solution. 1 pm scale bar for both images.
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nanotube density and m o n o m e r and electrolyte concentrations, the nonuniform growth could, therefore, allow the formation of C P - C N T coaxial
nanowires with only a predetermined portion of the nanotube length being
covered by the conducting polymer layer (details in section 6.3.1.3).
6.3.1.2 Characterization of polypyrrole/carbon nanotube composite
electrodes

6.3.1.2.1 Cyclic voltammetry
The polymers deposited on the CNT array were shown to be electroactive
(Figure 6-7 group A ) in a solution containing 6 m M ferricyanide as a
probe and 0.10 M N a N 0 3 as a supporting electrolyte. The voltammetric
responses obtained for the C N T - P P y electrode are similar to those
observed

for oxidation/reduction

of polypyrrole

on

conventional

electrodes (20) (but with m u c h higher current densities observed). The
oxidation or reduction of polypyrrole requires two

simultaneous

processes: (i) the transfer of electrons either from or to polypyrrole, and
(ii) the diffusion of the counterion, or in some cases the diffusion of the
cation into or out of the polypyrrole film to maintain charge neutrality
(Equation 6.2). In general, it is well accepted that the redox mechanism of
polypyrrole is described according to:
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where PPy is the neutral species (associated with 3 to 4 monomer units)
and PPy+ is the radical cationic species or polaron (one positive charge
localized over three to four monomer units) (21). The cyclic
voltammograms of CNT array itself (Figure 6-7 group B) was also
obtained under the same conditions as a control experiment. The currents
recorded on the CNT array is obviously lower than the one on the

CNT/PPy electrode. In addition, it is not difficult to accept that the fo
like CNT array would show higher peak currents compared with the flat
gold film, as shown in Figure 6-8. Both CNT (0.09 cm2) and gold (0.20
cm ) electrodes were scanned in 20 mM ferricyanide solution containing
1 M NaN03 supporting electrolyte. The peak current obtained on this
CNT electrode is not as high as the expected value based on the
theoretical surface value (refer to previous section on electroactive
surface area determination). This may be attributed to the hydrophobic
surface of CNTs as well as the distribution of the tubes. Even then, the

peak current on CNTs is obviously higher than that on the gold electrode.
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Figure 6-7 Cyclic voltammograms of CNT/PPy (group A) and bare CNT (group B)
electrodes obtained in 6 mM ferricyanide/0.10 M NaN03 aqueous solution at scan rat
(a) 25 mV/s; (b) 50 mV/s; (c) 100 mV/s. Both electrodes have the same geometric area
of 0.09 cm . Ptfoil (1 cm2) was utilized as a counter electrode.
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Figure 6-8 Cyclic voltammograms of CNT array electrode (0.09 cm ) and gold
electrode (0.20 cm2) in 20 mM ferricyanide containing 1 M NaNC>3. Scan rate 100
mV/s. Reference electrode and counter electrode were Ag/AgCl and Pt foil (1 cm2),
respectively.

6.3.1.2.2 F T I R
The formation of CNT-PPy composite was further verified by FTIR.
Figure 6-9 shows a typical FTIR spectrum of polypyrrole coated on an
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aligned carbon nanotube film. Three absorption bands were observed at
960 cm"1, 980 cm ~\ and around 1615 cm"1. They can be assigned to outof-plane bending of C-H, in-plane bending of C-H and ring stretching,
respectively (22-23). The absorption band at 1615 cm"1 and a broad band
at 1350 cm'1 for polymer containing perchlorate are caused by pyrrole
ring stretching. The perchlorate ion itself has strong absorption bands
between 600 cm'1 and 660 cm"1 and around 1100 cm"1. These results
provided further evidence that PPy had been successfully deposited on the
surface of carbon nanotubes with C104 as dopant. Figure 6-10 shows that
the individual tubes were entirely coated from the top to the bottom end
with PPy.
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0.9188
0.915 .
0.910.
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4000.0
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Figure 6-9 FTIR spectra of an aligned CNT-PPy coaxial nanowire array. CNT-PPY
composite was prepared as described in Figure 6-4.

Figure 6-10 SEM image of CNT-PPy coaxial nanowires formed potentiostatically in a
solution of 0.10 M pyrrole containing 0.10 M NaCl04 as supporting electrolyte. A
layer of sputter coated gold as a conducting support can be seen clearly at the bottom,
as indicated by an arrow. PPy also penetrated through the interlayer space in this
sample tofinallydeposit onto the amorphous carbon layer.

6.3.1.2.3 XPS
The chemical compositions of PPy coated nanotube film can be
determined by X-ray photoelectron spectroscopy (XPS). The expected

binding energy at peak 284.50 eV is assigned to graphitic C with the oth
two major peaks at 399 eV (N), 531 eV (O) respectively (Figure 6-11).
The presence of N in nanotubes prepared by pyrolysis of Ncontaining molecules of FeC32N8H16 has been discussed in previous

studies (refer Figure 4-10). The 0.04 atomic ratio of O/C is possibly du
to physically adsorbed oxygen. Carbon nanotubes are known to be
susceptible to oxygen adsorption even at pressures as low as 10" to 10"

Torr (24). The obtained C ls high resolution spectrum is very similar to

that of graphite (HOPG) (25) suggesting that the nanotube structure its
is free from oxygen. The atomic ratio obtained from the XPS survey

spectra before and after the polymerization proved that the carbon
nanotubes were covered by polymer (Table 6-1).
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Figure 6-11 XPS survey spectra of (a) bare CNT array and (b) PPy coated CNT array
prepared as described in Figure 6-4. The increased nitrogen and oxygen in (a) were
attributed to the deposited polypyrrole and incorporated dopant of CIO4 from
electrolyte.

The significantly increased N intensity and O intensity are from PPy and
electrolyte (NaC104). The increased Cl response also rises from the
dopant NaC104. The Fe response attributed to residual catalyst in the
C N T s disappeared after polymer coating.

CHAPTER 6

151

Table 6-1 Changes in the XPS atomic ratios upon PPy coating

Before coating

After coating

o/c

0.03

0.22

N/C

0.02

0.14

0

0.02

Cl/C

6.3.1.3 Factors for uniform coating of P P y on the aligned carbon
nanotubes
Factors influencing the morphology of the CNT-polypyrrole composite
and voltammetric responses obtained at C N T - P P y electrodes were
investigated.

Each of them, such as tube density, applied potential,

polymerisation time, monomer solution and use of different dopant anions
has been investigated separately.

6.3.1.3.1 Effect of the tube density
In order to have even polymer coating on the individual tubes, an
intertube spacing of between 100 n m to 400 n m was required (Figure 612a). It was found that if the tube density was too high (interlayer gap <
20 n m ) , then only the top surface of the C N T array would be covered
after electropolymerization rather than on the walls of individual tubes
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(Figure 6-12b). With intertube spacing of 20 n m to 100 nm. the tubes
were only partly coated by the polymer because of the passage being
blocked (Figure 6-12c), simultaneously, polymer also aggregated on the
top surface of the film.

6.3.1.3.2 Effect of applied potential and polymerisation time
The electropolymerization potential indeed affects the formation and
properties of polypyrrole films. The chronoamperograms obtained during
deposition of PPy onto aligned carbon nanotubes (Figure 6-13) indicate
that the higher the potential used, the more charge passed and this is
indicative of more rapid formation. Voltammetric responses obtained at
CNT-PPy electrodes using 6 mM ferricyanide as a probe also indicated
that more polymer was deposited at higher potentials. As shown in Figure

6-14, a potential of 0.50 V was insufficient to initiate a polymerisation
That is in good agreement with the minimum potential of 0.60 V required
to oxidise pyrrole at a CNT array using cyclic voltammetry. No
overoxidation of polypyrrole occurred at 1 V when a supporting
electrolyte containing 0.10 M KC1 was used. When the polymerisation
potential exceeds 1 V, overoxidation of polypyrrole is enhanced (26)

resulting in a product with lower conductivity and rough polymer surface.
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Figure 6-12 SEM images of (a) well coated aligned PPy-CNT coaxial nanowires
using intertube space between 100-400 nm; (b) PPy only deposited on the top of CNT
surface due to the high density of the array film (interspace < 20 nm); (c) PPy was
partly deposited on the outside walls of individual tubes, and simultaneously, the
polymer accumulated on the top of the array surface when using intertube space of 20100 nm; The polymerisation condition used for each sample was described as at a
constant potential of 1 V for 1 min in the monomer solution of 0.10 M pyrrole
containing 0.10 M NaCl04. Ag/AgCl was used as a reference electrode and Ptfoil was
used as a counter electrode.
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It has also been noticed that the morphology of the polymer formed at 1 V

using 1 M KC1 electrolyte appears cauliflower-like (Figure 6-15a) rather
than a smooth surface when polymerised in 0.10 M NaC104 (Figure 615b). It has been found that the constant potential of 1 V in 0.10 M
NaC104 is the optimal for obtaining uniform PPy coating onto individual
nanotubes. As shown in Figure 6-14a and b, the voltammetric responses
obtained in 6 mM ferricyanide at CNT-PPy electrodes (after 60 s and 30 s
electrodeposition) confirmed that more polymers were deposited when
longer time was used. The best results were obtained using 60 s. This

resulted in uniform coating on individual tubes where their tube densiti
satisfy the requirement discussed previously.
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Figure 6-13 Growth of PPy onto aligned carbon nanotubes in an aqueous solution
of 0.10 M pyrrole and 0.10 M KCl at a constant potential of 1 V and 0.5 Vfor 30 s
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Figure 6-14 Cyclic voltammograms of CNT/PPy electrode obtained in 6 mM
ferricyanide containing 0.10 M NaNC>3. The CNT/PPy electrode was prepared at
applied potential of 1 V for 60 s; (b) applied potential of 1 V for 30 s; (c) ap
potential of 0.50 Vfor 60 s. Each cycle was scanned at a scan rate of 50 mV/s, Ptf
was used as an auxiliary electrode. They were all polymerised in an aqueous solu
containing 0.10 Mpyrrole and 0.10 MKCl.

Figure 6-15 SEM images of PPy formed on the aligned carbon nanotube array
electrode from an aqueous solution of 0.10 M pyrrole at a constant potential oflV
Ag/AgCl) containing electrolyte (a) 1 MKCl; (b) 0.10 MNaCl04. The sample used
both images were from the same batch but different part. Polymerization time was 6
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6.3.1.3.3 Effect of counterion used

It is known that the counterion (A) used during polymer synthesis has a
remarkable effect on the morphology (27-28) and their electrochemical

properties (29). As described before, that a granular morphology of PPy
deposited on to carbon nanotubes might occur at 1 V if 1 M KC1 is
employed. The minimum potential required to electropolymerize pyrrole
is not sensitive to the electrolyte type. But the morphology of the
polymers obtained was dependent on the dopant anion incorporated.
Using small dopants (0.10 M) like KC1, NaCl, NaN03 and NaC104,
polymer morphologies are affected; although their electrochemical

responses are not much different (see Figure 6-17a). For instance, the P
was roughly deposited not only on the individual tubes but also on the
of the array surface when in 0.10 M NaCl dopant (Figure 6-16).

Figure 6-16 SEM image of potentiostatically synthesised CNT-PPy composite at
positive potential 1 V for 60 s in an aqueous solution of 0.10 M pyrrole containing
0.10 M NaCl. Both Ag/AgCl and Ptfoil were utilised as a reference and a counter
electrode respectively.

It seems that the polymerization reaction occurred much quicker in NaCl
electrolyte and resulted in the formed polymer surface not being as
smooth as the one when NaC104 was incorporated. When a series of
larger dopant anions (0.10 M) were incorporated into the PPy network,
their morphologies were similar to that using 0.10 M NaC104 dopant

except an extra layer of polymer deposited on the top of the array surfa
The peak potentials of their CV curves after growth were shifted due to
the size of dopant incorporated.

The counterions chosen in this study were a range of sulfonated aromatic
(Table 6-2), as they are known to provide conducting polymers with
optimal mechanical and electrical properties (30). In the case of the

simplest (most mobile) counterions, e.g. anions of group A in Table 6-2,
single oxidation-reduction response (A/A') was observed when scanned

in 0.10 M KC1 (Figure 6-17a). This is attributed to anion expulsion upon
reduction and re-incorporation upon oxidation according to:

H H
where A" (m) is the mobile counterion incorporated into the polymer and
A" (S) is that counterion expelled into solution. With large counterions
BSA and NTDSA), the oxidation-reduction response was observed on the
cyclic voltammogram (Figure 6-17b and f) in the more negative region.

With other larger counterions, two distinct couples were observed (Figure
6-17c, d and e) on their cyclic voltammograms. However their negative

shifts did not exactly follow the size of the counterion; which is contrary
to the previous observation on the platinum electrode (27). This might be
due to the density difference of aligned CNT array used; although they

were from the same batch, slight variation was still unavoidable due to the
catalyst particles for tube growth formed randomly in the vapour state.
Alternatively, ion exchange and hydrophobicity of the anion are also
important factors, because aligned CNT array has a 3D structure with
hydrophobic surface area. This cation incorporation process can be
described as:

H H

where A" (I) is the immobile counterion incorporated into the polymer an
X+ is the cation from the electrolyte solution.
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Table 6-2 Structures of considered counterions.

Supporting electrolytes

0.1 MKCl, 1MKC1,
Group A

O.lMNaCl, lMNaN03

so.

(BSA)
Benzenesulfonic acid
sodium salt

(BDSA)
Benzenedisulfonic acid
sodium salt

Group B
(HBDSA)

1,2 dihydroxybenzene3,5-disulfonic acid
disodium salt

4-Hydroxy benzenesulfonic acid
sodium salt

Naphthalene 1,5-disullonic acid
disodium salt
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Figure 6-17 Cyclic voltammograms obtained after growth of PPy on the aligned
carbon nanotube electrodes in 0.10 M supporting electrolyte of (a) KCl; (b) BSA; (
HBSA; (d) BDSA; (e) HBDSA; (f) NTDSA. Ag/AgCl and Ptfoil (1 cm2) were used as a
reference and a counter electrode respectively. Scan rate 50 mV/s.
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6.3.1.4 Capacitance comparison of polypyrrole coated C N T and G C
electrodes
Capacitances of CNT/PPy electrode and GC/PPy electrode have been
obtained using 1 M H2S04 and 1 M NaN03 according to the method
discussed in Chapter 5. The values obtained on CNT/PPy composite are

higher than that on GC/PPy electrode in both electrolytes (Table 6-3)

Table 6-3 Capacitance measurements of CNT/PPy and GC/PPy electrodes in several
electrolytes. The electrodeposition of pyrrole (0.10 M) was performed in 0.10 M
NaClC>4 using applied potential 1 V for 60 s vs Ag/AgCl.

Capacitance (mF/cm2)(1)

1 M H 2 S0 4

1 M NaN0 3

CNT/PPy(2)

106

129.2

GC/PPy (3)

36.8

43.8

(1) Calculated using geometric surface area
(2) Geometric surface area of CNT was 0.09 cm
(3) Geometric surface area ofGC was 0.20 cm

It has been pointed out previously that modification of carbon mater
by electroconducting polymers can enhance the capacitance due to the

formed microporous polymer structure. The largely increased capacitan

on the C N T / P P y electrode indicates the consistency with their large
surface area.
6.3.2 Polyaniline/aligned carbon nanotube composite

6.3.2.1 Synthesis
A s described in the Experimental section, polyaniline-carbon nanotube
(CNT/PANi) composite can be synthesised using either potentiodynamic
or potentiostatic technique (31). Using cyclic voltammetry. a peak at
approximately 1 V, attributed to aniline oxidation, was observed on the
first cycle (Figure 6-18). This was followed by the appearance of two new
peaks around 0.35 V and 0.55 V, whilst the peak at 1 V diminished
attributed to the oxidation of polyaniline according to:

\ /r^KJ^^xj-^^JLeucoeroeraldine (fully reduced)

• 2i
- 2A~

\ /rKW-\j-

NH

NH-

\ _ /

emeraldine salt (half oxidized)

+ 2A~

Xjr-^-K j^ N H -\ /
pernigraniline (fully oxidized)

NH

NH-

\

/
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These n e w peaks can be assigned to the oxidation of polyaniline (32-33)
and the increase in peak intensity with subsequent cycles indicates a
continuous deposition of polyaniline on the nanotube array. By limiting
the number of voltage sweeps, a thin polyaniline layer coating can be
deposited along the length of individual nanotubes.
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Figure 6-18 Electrodeposition of aniline (0.10 M) in H2S04 (0.20 M) onto an aligned
nanotube electrode array. (1)firstcycle; (2) second cycle; (3) third cycle. Scan rate
25 mV/s vs Ag/AgCl with a Ptfoil (1 cm2) as a counter electrode.

It has been found that the polyaniline coating on an aligned carbon
nanotube array was much more uniform using the conditions described
above than those obtained on the entangled CNT mats as reported by
Downs et. al. (4). The scanning electron micrographs obtained show very
smooth coatings on the individual tubes (Figure 6-19). Both images (a)
and (b) were taken from different parts within the same sample. The bare
C N T tips resulted from scratching the substrate for S E M purposes.
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Figure 6-19 SEM images of aligned carbon nanotubes coated with polyaniline taken
at 30° angle from the top (a) and from the side (b).

Chronoamperograms obtained during deposition of polyaniline showed
that the current increased at the beginning, and then levelled off to a
constant current value, which is very similar to PPy deposition on CNTs
(Figure 6-4).
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6.3.2.2 Characterization

6.3.2.2.1 TEM
Figure 6-20 shows representative transmission electron micrographs
(TEM) taken at the tip (left) and on the wall (right) of a CNT/PANi
coaxial nanowire, which shows a homogeneous polymer coating. The

thickness of the polymer layer was determined from these TEM images t
be about 30-40 nm.

Figure 6-20 Typical TEM images of the polyaniline-CNT coaxial nanowires formed
by the cyclic voltammetric method. The images were taken in the tip region (left) and
on the wall (right).

6.3.2.2.2 FTIR
The FTIR spectrum obtained for an untreated nanotube array was

discussed in Chapter 4. To elucidate the chemical structure of the po
layer, we carried out diffuse-reflectance Fourier-transform infrared
(Figure 6-21). The polyaniiine-coated nanotubes gave IR absorption
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peaks at 1521 cm"1 ( C = C stretching of the benzenoid rings), 1622 cm"1
(C=C stretching of the quinoid rings), 1359 cm"1 (C-N stretching), and
1197 cm"1 (electronic-like absorption of N=Q=N, where Q represents the
quinoid ring), consistent with reported data (35).

1197

4000.0

Figure 6-21 FTIR spectrum of CNT/PANi composite prepared by cyclic voltammetry
as in Figure 6-18.

6.3.2.2.3 X P S
X-ray photoelectron spectra (Figure 6-22) were also obtained. The results
indicated a decrease in the carbon content to 71.08% and concomitant
increases of nitrogen 12.11%, sulphur 5.81%, and oxygen 11.0% after the
electrodeposition of polyaniline. As discussed in Chapter 4.3.5, traces
oxygen and nitrogen exist in the nanotube sample, but they are limited
and their contributions to the signals obtained from polymer-coated
nanotubes could be ignored. The calculated C: N atomic ratio of 6.70 is

close to that of aniline (C: N = 6), suggesting the formation of a
continuous polyaniline coating with a thickness greater than the XPS

detection depth (typically, 10 nm; see Figure 6-20). The corresponding

atomic ratios of 23.80 for O: S and 4.70 for N: S indicated a high dop
level of the polymer coating (one S04" in every four aniline rings) by

H2S04 (36). Further evidence for the electrodeposition of polyaniline o
the nanotube surface comes from Raman measurements.

600
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200

Binding energy (eV)

Figure 6-22 Typical XPS survey spectrum of a polyaniline coated aligned carbon
nanotube array synthesised by electrochemical polymerisation. The increased
intensities of oxygen and nitrogen indicate that a successful polymer deposition has
occured.

6.3.2.2.4 R a m a n
The Raman spectrum of the bare nanotubes shows an intense peak (Figure
6-23a) at 1584 cm"1, attributable to the E2g mode of the multi-wall
nanotubes, with a shoulder centred at 1322 cm'1 associated with the
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amorphous graphite (37). The corresponding R a m a n spectrum (Figure
23b) for the polyaniline-coated nanotubes reveals broad bands around
1600 cm"1, 1459 cm"1, and 1390 cm"1, typical for polyaniline (38). An

additional peak at 1330 cm"1 is associated with the stretching vibration
the -C-N+- polaron groups, indicating the conducting nature of the
polymer coating. The peak at 1197 cm"1 belongs to the electronic
absorption of N=Q=N, (where Q represents the quinoid ring).
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Figure 6-23 Room temperature Raman spectra of (a) bare CNTs; (b) CNTs-PANi
composite in the range of 190-4000 cm .
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6.3.2.2.5 Cyclic voltammetry
The electrochemical properties of the aligned CP-CNT coaxial nanowires
were evaluated using cyclic voltammetry. As for polyaniline films
electrochemically deposited on conventional electrodes, the cyclic
voltammetric response of the polyaniline-coated nanotube array in an
aqueous solution of 1 M H2S04 (Figure-6-24a) shows oxidation peaks at
0.25 V and 0.50 V. No changes in current were observed after 5 cycles.
As a control, cyclic voltammetry was also carried out on bare, aligned
nanotubes under the same conditions (Figure 6-24b). In the control
experiment, only capacitive current was observed with no peak

attributable to the presence of any redox-active species. Therefore, th

polyaniline-coated nanotube composites prepared in this study are highl
electroactive. DC conductivity of the polyaniline-coated nanotube film
was measured by the standard four-probe method (Chapter 4) and found
to be in the order of 10 Scm"1. This value of conductivity is one order
magnitude higher than the polyaniline film electrochemically deposited

on a gold plate under the same conditions. This may be due to a "doping
effect associated with carbon nanotubes (10).
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Figure 6-24 Cyclic voltammograms of (a) the polyaniline-coated(CNT/PANi) coaxial
nanowires and (b) the bare aligned carbon nanotubes. Measured in an aqueous
solution of 1 M H2SO4 with a scan rate of 50 mV/s.

6.3.2.3 Capacitance measurement
The capacitance of C N T / P A N i composite was measured from the current

responses in the non-Faradaic region of the cyclic voltammograms in the
range of ± 0.20 V. The value obtained for this composite measured in 1
H2S04 was higher than for a film formed on the GC electrode, but lower

than that obtained on the CNT/PANi array that was uncoated (Table 6-4).

This is possibly attributed to a polyaniline coating, which has a rela
low contribution to the surface area. The capacitance measured in 1 M
N a N O ? was similar to that obtained in 1 M H 2 S 0 4 .
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Table 6-4 Capacitance measurements of CNT/PANi and GC/PANi electrodes in two
different electrolytes. The electropolymerization was carried out in 0.10
aniline/0.20 M H2SO4 by cyclic voltammetry at a scan rate of 50 mV/s (vs Ag/AgCl).
!

2

Capacitance (mF/cm )*

IM H2S04

IM NaN03

CNT/PANi

25.00

23.00

GC/PANi

15.90

14.30

* geometric area was used
6.3.2.4 Mechanical

properties

of

polyaniline/CNT

nanowire

composite

The newly prepared polyaniline-nanotube coaxial nanowire is expec

exhibit a high mechanical strength due to the existence of the gr

framework. The measurement of mechanical property of a single mul
wall tube has been investigated in chapter 4. Hence, it makes it

measure the mechanical property of a single PANi-CNT coaxial nano

as well by utilizing the electromechanical resonance technique de

recently. For a nanofiber-like structure, a TEM specimen holder w

especially built for applying a voltage across the nanotube and i

electrode. Each single nanotube can be clearly observed in the TE
the measurement can be done on a specific nanotube whose

microstructure is determined by TEM. If a tunable alternating vol
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applied to the nanotube, resonance can be induced. When the frequency
of the applied voltage equals the natural frequency of the nanotube,
resonance is achieved and the Young's modulus of the nanotube can be
obtained from the resonance frequency (39). For a P A N i sheathed
nanotube with an outer diameter of 221 nm, inner diameter of 94.7 nm,
and length 9.3 ^ m , the Young's modulus was determined to be 13.6 GPa,
a value which is slightly smaller than that of the nanotube but much
higher than the polymer (0.43 GPa) (40).
6.3.2.5 Scanning tunnelling microscopy (STM) of aligned coaxial
nanowires of polyaniline coated carbon nanotubes
To characterize the polyaniline-carbon nanotube (CP-CNT) coaxial
nanowires at atomic resolution, scanning tunnelling microscopy technique
was used (41). This work was carried out in cooperation with the
Nanotechnology Research Institute, Tsukuba, Japan. Figure 6-25 shows,
schematically, the geometry of the sample and the S T M used to perform
the S T M / S T S (scanning tunnelling spectroscopy) experiment. In 'A' the
S T M tip scans covered caps while in B the tip encounters bare caps. A
combination of S T M

and S T S (scanning tunnelling spectroscopy)

measurements on the individual C P - C N T nanowires allowed us to
investigate the structure and electronic properties, respectively. Figure 626 shows an S T M topographic image of a bare multi-wall carbon
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nanotube cap. The dark dots, which represent the carbon hexagon centres,
show a lattice on the spheric surface of an MWNT cap. The measured
distance between two adjacent hexagon centres is about 2.5 A. This
compares nicely with the in-plane lattice constant of highly oriented

pyrolytic graphite (HOPG). Pentagonal rings, which are expected to exist
in the cap region, are not clearly resolved due to nanotube cap-STM tip
topology.

,
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Figure 6-25 Measurement geometry in the STM/STS experiment.
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0

2.50

5.00
DM

Figure 6-26 STM image of MWNT cap. A portion of a hexagonal lattice is overlaid
guide the eye.

As discussed earlier, a thin conducting polymer layer can be deposited on
the individual nanotubes depending on the tube density and
polymerisation conditions used. STM images of seven fully covered
MWNT caps are visible as high-contrast round objects. The grey shade
covers the heights between 0 and 2.14 nm (Figure 6-27a). We have
measured the 1-V curves on top of every cap, as seen by the marked stars.
Results are shown in Figure 6-27b where I-V curves are highly
reproducible. The I-V curves of bare carbon nanotube caps exhibit many

variations due to topological defects such as pentagons. This behaviour is
clearly absent in Figure 6-27b. Another example for fully covered tubes
is shown in Figure 6-28. The polymer chains are visible as bright strips
covering the nanotube cap. Figure 6-28b displays a line profile taken
along the highlighted line in Figure 6-28a. The distance between the red
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arrows, 0.42 n m (42) is a measure of the interchain distance. The green

arrows indicate the upper area of the cap region that is about 3nm. This
hump indicates that the general round shape of the cap topography is

20.0

10.0

-300

-200

-100

0

100

200

300

Bias Voltage [mV]

Figure 6-27 (a) STM topographic image of seven fully covered MWNT caps. The caps
are marked by crosses, (b) STS of the caps shown in (a). The linear I-V characteristic
indicates their metallic behaviour.

still preserved. The case of partially covered M W N T was presented, as
illustrated schematically in Figure 6-25, where STM tip scans B sites.
Figure 6-29a shows an STM topographic image of three MWNT caps and
their surrounding. The inset (b) displays a section analysis of the cap
along the highlighted line in the main image. The arrows mark two
different periodicities; the grey ones measure a distance of 0.42 nm.
These periodicities compare nicely with the graphitic lattice of the cap
and the polyaniline interchain distances, respectively. Figure 6-29b is a
high-resolution image in a region between the caps, the polymer
molecular chains are clearly visible where the dark contrast area
represents centres of phenyl rings. The current image of the same area,
taken with 64 x 64 resolution, is shown in Figure 6-29c (high-contrast
pixels represent high current and darker area represents low current). The
cap area exhibit lower conductivity than the regions surrounded by
polymers. Figure 6-29e shows the STS I-V curves for both caps and the
polymer-surrounded regions (taken at dark and bright areas in Figure 6-

29d). As expected, kinks in the I-V curves of the caps are clearly visible,
which indicate that these nanotubes are partially covered by polyaniline.
Generally speaking, we cannot infer that these particular nanotubes are
metallic or semiconducting; as tip states (43) differ markedly from
anywhere else on the tubes (44-45) due to topological defects such as
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pentagons, which are needed to close the structure. However, as the
nanotubes are not fully covered by the conducting polymer, we expect
that the low to high conducting transition from the uncovered to polymercovered nanowire will have a great impact on applications of the
nanotube devices.

6.00

4.00

2.00

2.00

4.00

G.00

5.00

Figure 6-28 (a) STM image of a covered cap. (b) Section analysis of the cap area
taken along the highlighted line in (a). The distance between the grey arrows is a
measure of the interchain distance of the polyaniline.

Figure 6-29 Current imaging tunnelling spectroscopy (CITS) scan of three MWNT
caps and their surrounding, (a) STM topographic image, the inset shows a line profile
of the cap taken along the highlighted line, (b) STM image in a region between the
caps shown in (a), the phenyl rings are clearly visible, (c) 64 x 64 pixels current image
(high-contrast pixels represent high current and darker area represents low current).
The caps area exhibits lower conductivity than the surrounding 'polymer' area, (d)
STS I-V curves show metallic behaviour for both caps and the surrounding polymer
region. Kinks in the I-V curves of the caps are clearly visible which indicate that these
nanotubes are not fully covered by polyaniline.

6.4 CONCLUSION
In this work, novel nanocomposites consisting of aligned carbon
nanotube-conducting polymers were prepared. Either potentiodynamic or

potentiostatic techniques can be used to achieve electropolymerization.
TEM microscopies revealed that the individual nanotubes are uniformly
coated with polymer. The voltammetric responses obtained for the
conducting polymer-carbon nanotube composites indicate they are
electroactive. The higher double layer capacitance of CP-CNT arrays
compared to one dimension CP deposits indicated that this new type of
nanocomposite might be a promising candidate for supercapacitors. The
electromechanical measurement on a single conducting-polymer sheathed
nanotube confirmed that the Young's modulus was much higher than the
polymer itself. So each single tube can be used as a good template for

fabrication of reinforced nano scale polymer rope. It was shown from the
linear relationship of I-V curves obtained during STM measurement that
the polyaniline can behave like a metal at three dimensions compared

with other polyaniline I-V curves reported in the literature. Differenc

the electronic conduction between nanotubes and the polymer suggest tha

this method could be used to synthesis large scale nanodevices. For a w

coated aligned carbon nanotube array, the highly accessible large surfa
area makes it possible to immobilize a large amount of enzyme into the
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ultra thin polymer matrix for biosensor applications. This work will be
further discussed in the next chapter.
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CHAPTER 7

GLUCOSE SENSOR BASED ON ALIGNED CARBON
NANOTUBES COATED WITH INHERENTLY
CONDUCTING POLYMERS

CHAPTER 7

fS6

7.1 INTRODUCTION
Conducting polymers used as gas sensors (1-2) and ion sensors (3-4) have
been studied extensively. In recent years, the development of biosensors
based on inherently conducting polymers (ICPs) is the subject of

considerable interest. The use of conducting polymers to modify electrod
for such purposes provides a number of advantages due to the simple
preparation protocols available (5). An important aspect of these
biosensors is the immobilization of biocomponents into the conducting
polymer film. This is achieved by entrapment of the biological species
such as enzymes (6), antibodies (7), proteins (8), DNA (9-10) or whole
cells (11-12) into the polymer matrix during electrodeposition.

The design and fabrication of glucose sensors is of great importance for
diagnosis and effective treatment of diabetes. The electrochemical

detection of glucose using glucose oxidase-containing electrodes involve
oxidation of H202 (13). Traditionally, the oxidase reaction has been
monitored by detecting the formation of hydrogen peroxide or the
consumption of oxygen according to the scheme below:

Glucose + GOx(FAD) • Gluconolactone + GOx(FADH2)
GOx(FADH 2 ) +

02

•

GOx(FAD) + H 2 0 2

(7 n
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Previous experiments show that the determination of H 2 0 2 is simple and
easily controlled compared with the determination of 02 consumption.

However, oxidation of hydrogen peroxide requires a high anodic potential
(>0.7 V vs SCE) on conventional electrodes. At that potential, a number
electroactive substances such as ascorbic acid and urea or D-fructose
present in real samples are also oxidised leading to interference. To
maximize sensitivity and selectivity, it is necessary that sufficient
quantities of H202 are generated per unit time and that the product is
detected at as low a potential as possible to avoid these interferents.
The exploration of carbon nanotube-conducting polymer composites opens

up new possibilities in the preparation of biosensors (14) due to the hi
surface area/volume ratio available.
7.1.1 Aims and approach
The work described in this chapter includes preparation and
characterization of a novel glucose sensor based on aligned carbon
nanotubes. Glucose oxidase was chosen as the model enzyme for the

experiment and was incorporated into the polypyrrole layer at the time o

synthesis. In addition, an investigation into the oxidation potential of
hydrogen peroxide on entangled SWNT and MWNT mats as well as on
several other conventional electrodes was carried out using cyclic
voltammetry.
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7.2 EXPERIMENTAL
7.2.1 Reagents
Glucose oxidase (GOx) (15,500 units g"1) was purchased from Sigma.
Pyrrole (Aldrich) was distilled prior to use. D-glucose from BDH was
allowed to equilibrate in 0.10 M sodium phosphate buffer solution (pH
7.45) overnight. SWNT suspension (3.30 mg/ml) was obtained from Rice
University. Hydrochloric acid (37%, w/v) and surfactant Trixo X-100
(containing water, sulphated ash, free acid (CH3COOH) and free alkali
(NH3) were purchased from BDH. All other chemicals were commercially
obtained and used without further purification.
7.2.2 Instrumentation
An AMEL Potentiostat/Galvanostat was used for the preparation of the
conducting polymer-aligned carbon nanotube composite electrode.
Chronoamperograms were recorded using an ADInstruments MacLab/4e
interfaced with an Apple Macintosh computer and Chart V3.5.7 software
(ADInstruments). Cyclic voltammetry was performed on bare and polymer

modified aligned nanotubes as well as on other control electrodes usin
equipment mentioned above but using Echem VI.3.2 software
(ADInstruments). A single-compartment cell with a working volume of 15

ml was used. The three-electrode system consisted of a strip of aligne

CHAPTER 7
189

carbon nanotube film (0.09 cm 2 ) as a working electrode (all nanotube
samples used in this chapter have a layer of gold underneath, unless
otherwise indicated), a Ag/AgCl reference and platinum counter
electrodes. SEM images were obtained using a Philips XL-30 FEG SEM
unit at 5 KV. XPS analyses were performed on a Kratos Analytical
Spectrometer using monochromatic A1K<_ radiation at a power of 200 W.

XPS survey scans were recorded from 0-1100 eV with a passing energy of
320 eV. High-resolution scans were performed with a passing energy of

eV. To compensate for surface charging effects, all binding energies w

referenced to the C ls neutral carbon peak at 284.50 eV (15). The glas
carbon electrode (0.20 cm2) was polished using a 0.05 um aluminium

powder slurry in ultra pure water on felt pads, and then rinsed thorou
with ultra pure water before use.
7.2.3 Preparation of carbon nanotube/polypyrrole/glucose electrode

GOx immobilization was performed by oxidation of pyrrole (0.10 M) in a
solution containing 2 mg/ml GOx and 0.10 M NaC104 in 0.10 M sodium

phosphate buffer solution (pH 7.45). Electropolymerisation was carried

at a constant potential of 1 V for 1 min at 10° C using an ice-water b
The CNT/PPy/GOx electrode was used immediately after preparation.

CHAPTER 7

1^1

7.2.4 Preparation of gold film electrodes

The control electrodes were prepared by sputter coating a thin layer o

on a plastic sheet at 2 x lO^torr, 100 mA for 5 mins under Ar atmosphe

7.2.5 Preparation of entangled MWNT and SWNT mat electrodes

The MWNT mat electrode was prepared in two ways. One involved using
a Trixo X-100 surfactant to disperse the hydrophobic carbon nanotubes

an aqueous solution, the other involved dispersion in an organic solve
1,2-dichloroethanol. In aqueous solution, the MWNT (3.30 mg) (or 1 ml
SWNT suspension) was added to 5 ml MilliQ water and sonicated for 60

mins. Then 1000 ml of MilliQ containing 5 ml surfactant (0.6% w/w) was
added into the MWNT solution. The diluted suspension of carbon
nanotubes (3.30 jug/ml) was further sonicated for 1 h. Finally it was

filtered through a 0.50 fim filter paper from Millipore. This procedur
tedious due to the small pore size of the filter paper. The resultant
washed with methanol and MilliQ water to remove as much surfactant as

possible. The CNT mat obtained was dried in an oven at 150° C overnigh
and was peeled off carefully from the filter paper. SWNT and MWNT
mats were also prepared by dispersing in 1,2-dichloroethanol (100 ml)
sonication. The black homogeneous suspension was filtered through a
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filter paper. The residue was washed with methanol and acetone and then
dried at 150° C overnight as described above.

7.3 RESULTS AND DISCUSSION
7.3.1 Electrochemistry of H202
An irreversible single oxidation peak attributed to oxidation of
M) was observed at approximately 0.30 V on a bare aligned carbon
nanotube array electrode (Figure 7-la). This value is much lower
0.65 V required to oxidise H202 on gold electrodes (Figure 7-lb).

was no signal observed in the same range when an aligned CNT film

scanned in buffer only (Figure 7-lc). The plot of peak current ve

square root of scan rate (25, 50, 80, and 100 mV/s) for oxidation

at a CNT electrode is linear and the oxidation potential is virtu

independent of scan rate (Figure 7-2 and insert). The large backg
current is attributed to the catalytically active surface.

The low oxidation potential obtained on the aligned CNT electrod
possibly be due to Fe particles generated during the production

array and present on the tips of the carbon nanotubes (see format

mechanism in Chapter 3). To investigate this, Fe particles were r

using oxidative conditions (1 cm2 of aligned CNT film was heated
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H C 1 (w/v) at 80° C for 1 h, the solution turned yellow indicative of the
presence of Fe +3>
).
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Figure 7-1 Cyclic voltammograms obtained in 0.10 M hydrogen peroxide in 0.10 M
sodium phosphate buffer solution (pH 7.45) at (a) CNT array electrode; (b) Au
electrode; (c) CNT array electrode in the absence of H2O2. Each electrode has the
same geometric surface area (0.09 cm ). Pt foil (1 cm ) was used as a counter
electrode. Scan rate = 50 mV/s.
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Figure 7-2 Cyclic voltammograms obtained in 0.10 M H2O2 at a CNT array electrode
in 0.10 M sodium phosphate buffer solution (pH 7.45) at scan rates (a) 100 mV/s; (b)
80 mV/s; (c) 50 mV/s; (d) 25 mV/s. (e) the same electrode (0.09 cm ) was scanned in
the absence of H202 at scan rate 50 mV/s. Insert is the plot of peak current versus
square root of scan rate.
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The sample was then rinsed with MilliQ water a few times until the wash

solution was clear. The sample was dried in air for 4 hrs before collecti
of SEM images (Figure 7-3). The images indicate that the Fe particles
sitting on the tips of individual carbon nanotubes (Figure 7-3a and 3b)
prior to acid treatment have been removed (Figure 7-3c and 3d), although

iron components may still be present inside the tubes. After removing the
iron particles it was found that the H202 response originally observed
during cyclic voltammetry disappeared (Figure 7-4).

(a)

(b)

(c)

(d)

Figure 7-3 SEM imagines of CNTs before (a, b) and after (c, d) treatment in 30% HCl
at 80° Cfor 1 h. (a) and (c) at high magnification; (b) and (d) at low magnification,
respectively.
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Figure 7-4 Cyclic voltammogram obtained in 0.10 M H202/buffer (pH 7.45) at the
carbon nanotube array electrode after removing Fe particles in 379c HCl at 80° Cfor
1 h. Scan rate 50mV/s vs Ag/AgCl. Ptfoil was used as a counter electrode.

A s a comparison, cyclic voltammograms of both an entangled M W N T mat
and a SWNT mat were recorded using the same conditions. No oxidation
responses were observed over the same potential range (Figure 7-5).

Adsorption of organic compounds on the porous carbon materials has bee
reported (16). So in order to prove that the 1,2 dichloroethanol used
disperse the SWNTs had no influence on the signal, an aligned carbon

nanotube film was soaked in it overnight. The current response obtaine

confirmed that this organic solvent has nothing to do with the interfer

of the signal. XPS results show these two mats contain iron (Figure 7So, we may conclude that both alignment and iron particles on the tube
are two important factors in the contribution of lowering the anodic
potential required to oxidise H202.
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Figure 7-5 Cyclic voltammograms of (a) MWNT mat (2 x 0.09 cm2, both sidse exposed
to the solution), and (b) an aligned CNT film (0.09 cm2) were recorded in 0.10 M H202
containing 0.10 M sodium phosphate buffer solution (pH= 7.45). Scan rate 50 m
with Ptfoil (1 cm2) as a counter electrode.
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It was discussed earlier that the low anodic potential observed for
oxidation of H202 on the aligned CNT electrode may be attributed to the

presence of iron particles on the tips of tubes. After polymer coating, a
potential shift for this oxidation to 0.45V was observed (Figure 7-7a).
However the potential required for H202 oxidation on this electrode was
still lower than that on other conventional electrodes. N o oxidation of
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H 2 0 2 was observed when Au/PPy electrode (Figure 7-7b) was used even

over wider potential ranges (-0.40 V to 1.00 V). Hence this composit

electrode provides the possibility of detecting glucose at potentials
should minimise interferents.
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Figure 7-7 Cyclic voltammograms of CNT/PPy electrode in (a) 0.10 M buffer solution
(pH 7.45) containing 0.10 M hydrogen peroxide; (b) 0.10 M buffer only; (c) Au/PPy
electrode was scanned in the same electrolyte as (a). With Scan rate of 50 mV/s using
Ptfoil (1 cm ) as a counter electrode.

7.3.2 Immobilization of glucose oxidase ( G O x ) into P P y using a C N T
platform
A C N T / P P y / G O x electrode was prepared by electropolymerization of 0.10
M pyrrole onto the individual tubes of aligned array in a solution of
M NaC104 with GOx (2 mg/ml) present at 10° C. The detailed procedure
for electrodeposition of PPy onto the carbon nanotube array electrode

described in Chapter 6. The polymer thickness on the individual carbon
nanotubes can be controlled by the amount of charge passed during

polymerisation. A typical X P S spectrum of CNT/PPy/GOx is presented in
Figure 7-8b, with a control experiment without GOx (Figure 7-8a).
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Figure 7-8 XPS spectra of (a) CNT/PPy/Cl04'; (b) CNT/PPy/GOx/CIO4

Atomic ratio calculations based on the X P S spectra indicate an increased
O/C ratio from 0.30 to 0.39 after GOx entrapment (Table 7-1). A small
peak at ca. 200 eV found in both cases was attributed to Cl 2p from

NaC104. A small P 2p signal (Figure 7-8a) is attributed to the buffer i
CNT/PPy sample. Presumably it is not observed in the GOx containing
sample as the amount is close to the limit of detection.
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The difference in the G O x loading on C N T and A u electrodes is obvious

from the intensity of C=0 band (288 eV) observed (Figure 7-9). The
geometric surface area of Au (1.76 cm2) is 1.5 times higher than
electrode (1.17 cm2). Curve fitting for each C ls spectrum gives

components: graphitic C-C species at 284.50 eV, C-0 species at 28
eV, carbonyl C=0 or O-C-0 species at 286 eV, carboxyl COOH groups

288 eV. The high percentage of oxygen /carbon confirmed a high le
GOx at the CNT based electrode (Table 7-2).

Table 7-1 The ratio of oxygen and nitrogen relative to carbon before and after GOx
immobilization.

Sample

N/C

o/c

CNT/PPy/ClOVGOx

0.23

0.39

CNT/PPy/C10 4

0.18

0.30

Table 7-2 Relative atomic concentrations of carbon-containing species from C Is.

C species

Percentage contents

C N T / PPy/GOx

Hydrocarbon (CH X )

47.18/67.45

Compared

C-0

29.81/22.34

with

C = 0 or O-C-0

19.76/10.21

Au/PPy/GOx

COOH

3.36/0
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Figure 7-9 XPS of C ls high resolution of (a) CNT/PPy/GOx electrode (with cur
fitting) and (b) Au//PPy/GOx electrode. The functional groupsfromGOx were assi
through curve fitting. C/ represents hydrocarbon species; C2 represents C-0 o
species; C3 represents COOH species; C4 represents C-0 species. Both electrod
prepared by immobilization of GOx (2 mg/ml) in-situ into the polymer matrix on
substrate electrode. The electropolymerization reaction was carried out in
pyrrole/0.10 MNaCl04 at applied potential of 1 Vfor 60 s with Ag/AgCl as a refere
electrode and Ptfoil as a counter electrode respectively.

T o determine the optimal potential for glucose detection on the
CNT/PPy/GOx electrode, the glucose response was determined at several

applied potentials. It was found that the anodic current increased stee
potentials between 0.40 to 0.50 V (Figure 7-10). This concurs with the
results obtained during cyclic voltammetry of hydrogen peroxide on
CNT/PPy electrodes, where the oxidation peak appeared at ca. 0.45 V

(Figure 7-7). Although there is a potential shift from bare aligned car
nanotube film (0.30 V) to polymer coated nanotubes (0.45 V), the
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Figure 7-10 Effect of the applied potential on the response current of the
CNT/PPy/GOx electrode to 20 mM glucose in 0.10 M sodium buffer solution (pH 7.45).

The response trace (current density vs. time) of CNT/PPy/GOx electrode
with successive additions of glucose into the determination cell at a

working potential of 0.45 V is shown in Figure 7-11. The time required t

reach 95% of the steady-state current was less than 10 s. This trace cle

shows the rapid response and good sensitivity of the sensor to clinicall

relevant glucose concentrations. The effect of glucose concentration on t
response obtained at CNT/PPy/GOx electrode was investigated. The

response increased with an increase of the glucose concentration (Figure

12). The linear relationship is up to 20 mM, which is higher than the 15
mM required for practical use in the detection of blood glucose.
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Figure 7-11 The response of CNT/PPy/GOx
electrode to glucose at a working
potential of 0.45 V. Successive injection of glucose is 2.60 mM each step. Arrows
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Figure 7-12 Calibration curve of the CNT/PPy/GOx electrode response to glucose at
0.45 V in 0.10 M sodium phosphate buffer (pH 7.45).

The effect of biological species such as ascorbic acid, urea, and D-fructose

was investigated. The ability to use low anodic potential for detection of

glucose resulted in good selectivity (Figure 7-13). No increase in current
due to the potential interferent was observed when urea (4.30 mM) or Dfructose (0.40 m M ) was injected into a solution containing 5 m M or 10

CHAPTER

m M glucose. The response current increased slightly when ascorbic acid
(0.11 mM) was added into 10 mM glucose.

The three dimensional CNT structures would offer an advantage for a
large amount of enzyme loading into the thin polymer layers on each
single nanoelectrode. Comparison of results obtained using a gold
electrode substrate versus a CNT array shows responses of greater

magnitude are obtained with the latter. This is despite the fact that the
electrode in this comparison contains 0.08 mg/cm polymer compared with
0.05 mg/cm2 on CNT (Figure 7-14).

Figure 7-13 Influence of interfered reagents on glucose response current in 0.10 M
buffer solutions (pH 7.45).
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Figure 7-14 Dependence of the biosensor sensitivity on (square) CNT/PPy/GOx
electrode and (circle) on Au/PPy/GOx electrode in different glucose concentrati
containing pH 7.45 buffer at the electrode potential 0.45 V versus Ag/AgCl. The
geometric area of the Au/PPy/GOx electrode (1.76 cm2) is 1.5 times larger than
CNT/PPy/GOx (1.17 cm2) electrode.

7.4 CONCLUSION
The role of iron particles, the catalyst responsible for carbon nanotube

growth, together with the alignment of the tubes are recognised as the ke
factors in the contribution of negatively shifted potential for H202
oxidation. The glucose sensor where glucose oxidase was immobilized
into the polymer layers using an aligned carbon nanotube array as a
platform shows increased sensitivity. The forest-like array electrode

provides an advantage for a large amount of enzyme loading into the thin
polymer layers onto each single nanoelectrode. This novel enzyme-

electrode is superior to that on the conventional electrodes due to thei
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accessible surface area. A s a result, the sensitivity of this type of sensor is
significantly enhanced compared with conventional electrodes (eg. gold)
of the same geometric surface area.
The low potential required for H202 oxidation results in high selectivity for
the sensor. This sensor retains its stability at 70% after 3 days storage in
the dry state at 4° C.
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The use of aligned carbon nanotube arrays as a novel working electrode
material has been investigated. It has been demonstrated that CNTs have

good electronic conductivity, chemical inertness and structural uniformi
and can be used as an electroactive material.
Chemical vapour deposition has been used to produce aligned carbon
nanotubes. Pyrolysis of iron (II) phthalocyanine at 800-1000°C under

Ar/H2 results in formation of parallel multi wall nanotubes normal to the

quartz plate. Temperature, gas flow rate and substrate composition all ha
an impact on nanotube growth. Quartz was found to be the best substrate

for the formation of aligned carbon nanotubes under the conditions used i
this thesis. The use of gold, aluminium or nickel substrates results in
formation of non-aligned tubes. The Ar/H2 ratio was found to be critical
no aligned carbon nanotubes has been observed when the ration is higher
than 1:1 or lower than 1:2.
It was found that the bamboo-like multi wall CNTs formed can have
volume or point defects that gives rise to lower bending modulus.

The CNT arrays found here were transformed on to a layer of gold to allow
efficient electrical interconnection so they could be characterised
electrochemically. The almost featureless and reproducible cyclic
voltammograms of the aligned CNT arrays in 1 M NaCl, 1 M NaN03 and
1 M H2S04 over the range ± 0.4 V demonstrated that they are
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electrochemically and chemically stable and no electroactive functional
groups were present on the surface. The capacitance obtained in each of

the three electrolytes examined were higher than that obtained with SWNT
mats.
The electrochemical properties of a number of redox probes was
subsequently examined. The highly increased peak current obtained using
a CNT array electrode compared with glassy carbon electrode confirms a
high electrode surface area. The peak current increased linearly with

square root of scan rate when the redox probes of ferricyanide, catechol
hydroquinone were used indicating diffusion control processes. The
increased current responses observed for dopamine and epinephrine at
CNT electrodes (compared with glassy carbon electrode) may pave the
way for the use of CNT electrodes as biosensors.
It has been found that electrodeposition of conducting polymer (eg. PPy
and PANi) onto aligned CNT array electrodes can be achieved. Uniform
coatings were deposited along each tube. The cxment-voltage curve

obtained using a polyaniline-coated tube indicates the metallic behaviou
of polyaniline. The Young's modulus for a polyaniline-coated tube was
13.6 GPa. This value is significantly higher than that obtained for
conducting polymer alone, but slightly smaller than the CNTs.
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It has been found that a large amount of enzyme (glucose oxidase) can be
entrapped into the ultra thin polymer layer during in-situ polymerisation
deposition on to aligned CNTs. A lower oxidation potential for detection
of hydrogen peroxide observed at a CNT/PPy/GOx electrode has been
obtained when both CNT alignment and iron particles (on the tips) were
retained. The low anodic potential required for the determination of H202
resulted in increased selectivity. The higher surface area of CNT resulted
in increased sensitivity.

